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FOREWARD 


_ The Mining Branch of the American Institute of Mining, Metallurgical and Petroleum Engineers present in 
this volume of the AIME Transactions a group of papers that delineate the horizons of the science and technology 
of mining engineering. 

—RosBeErtT C. STEPHENSON, Chairman 
Mining Branch Council 


Although the contributions are grouped with regard to subdivisions of Mining, Minerals Beneficiation, Coal, 
Industrial Minerals, Geology, and Geophysics it is obvious that these categories are arbitrary and that most of 
the subjects cut across these man-made boundaries. These transactions serve as a record of progress in the min- 


es OE i and a bond of unity in an ever increasing trend toward specialization in exploration, mining, and 
eneficiation. 
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Hydrothermal Alteration 


at the 


Climax Molybdenite Deposit 


by John W Vanderwilt and Robert U. King 


Ae HE Climax molybdenite deposit in Lake County 
100 miles southwest of Denver is located in the 
central part of the mineral belt extending north- 
easterly across the state. Principal geographic fea- 
tures and geology are shown on Fig. 1. The first 
period of molybdenite mining, which began in 1918, 
ended in April 1919 because of limited demand and 
a price drop to about 72¢ per lb. During this time 
the ore came from the Leal level and surface out- 
crops at a higher elevation. Rate of mining was 250 
tpd and several million tons of ore averaging 0.7 
pct molybdenite were developed. 

Since April 1924, when the second period* began, 


* Refs. 1-4 describe the early mining activity; Refs. 5-9 cover the 
early part of the second period of mine operation. 


Climax Molybdenum Co. has been the only operat- 
ing company. Production in 1924 was 400 tpd and 
finding ore was a continual problem. When the 
White tunnel was extended, however, further ore 
was encountered. The orebody was thought to be 
tabular until 1926, when B. S. Butler recognized the 
relation of the developed ore on the Leal and White 
levels to a central area of fine-grained hydrother- 
mal quartz, and by 1929 diamond drilling had 
blocked out indicated ore reserves in excess of 100 
million tons. 

In 1946, on the basis of information obtained from 
25 miles of mine workings and a completed explora- 
tory program involving over 200,000 ft of diamond 
drilling, the present authors reviewed and brought 
up to date the geology of the orebody. More re- 
cently Sears,® employing microscopic techniques, 
made a study of hydrothermal alteration and min- 
eralization, and Howell and Schassberger”™ restudied 
available geologic data. 

Production (1953) of molybdenite ore has been 
expanded to over 25,000 tpd and total production 
from 1918 through 1953 has been: 


Molybdenum (Mo) 453,451,153 Ib 


Tungsten (WOs) (1949 to 1953 inclusive) 1,973,086 lb 
Tin (1949 to 1953 inclusive) 121,420 lb 
Pyrite (1949 to 1953 inclusive) 65,000 tons 


J. W VANDERWILT, Member AIME, is a Mining Geologist and 
President of the Colorado School of Mines, Golden, Colo. R. U. 
KING, Member AIME, is a Geologist, U. S. Geological Survey, 
Golden, Colo. 

Discussion on this paper, TP 39091, may be sent (2 copies) to 
AIME before March 31, 1955. Manuscript, June 18, 1954. New 
York Meeting, February 1954. 
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Tungsten, tin, and pyrite are byproducts and 
monazite also was produced from 1949 through 
1951, after which it was not saved. A maximum of 
15 to 20 tons of monazite was produced. 


Geology of the Area 

Pre-Cambrian crystalline rocks constitute most of 
the Mosquito Range for several miles to the north, 
east, and south of the Climax molybdenite deposit, 
see Fig. 1. To the west the crystalline rocks are in 
fault contact with shales and sandstones of Pennsyl- 
vanian age. Both crystalline rocks and sediments are 
intruded by dikes and sills of Tertiary age. Numer- 
ous faults with small displacements are to be found 
in the crystalline rocks east of the Mosquito fault 
and in the sedimentary beds to the west. 

Pre-Cambrian Rocks: The pre-Cambrian rocks 
consist of schist and gneiss, identified with the Idaho 
Springs formation, and granite with minor pegma- 
tite correlated with the Silver Plume granite of the 
Silver Plume area. 

The Idaho Springs formation is a general term 
applied to pre-Cambrian schist and gneiss found 
over a large part of the Colorado Front Range. At 
Climax this formation consists largely of biotite- 
schist and quartz-biotite gneiss with minor quanti- 
ties of plagioclase and orthoclase, although in places 
appreciable quantities of feldspar and quartz are 
present in the more gneissic varieties. Locally, 
especially along the contact with granite, recrystal- 
lization of the schist has produced coarser texture 
and a more pronounced than average gneissic ap- 
pearance. The gneiss and schist have been mapped 
as a single unit by Butler and Vanderwilt (1933)” 
and by Singewald (1951).” Schist predominates at 
the higher elevations of the Mosquito Range and in 
the area to the north and east of Climax. The re- 
gional trend of schistosity is northeast with varying 
dips to the east. 

Silver Plume granite and associated pegmatite in- 
trudes the Idaho Springs formation. Silver Plume 
granite in many places and in the Climax district 
in particular has an irregular form, and many large 
and small inclusions of schist and gneiss occur with- 
in the granite. Granite predominates at the surface 
in the immediate vicinity of the area of hydrother- 
mal alteration and extends for several miles to the 
northeast and southeast. As more schist is present 
at lower levels of the mine than in the upper levels, 
the suggestion is that the granite is sill-like in form, 
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Fig. 1—Geology of the 
Climax area. 


dipping easterly with the regional structure of the 
Idaho Springs formation. 

The granite is a gray to pink medium-grained 
rock. A characteristic feature of weathered surfaces 
of the granite is its trachytoid texture, due to a 
rough alignment of tabular feldspar. Predominating 
minerals are microcline, orthoclase, quartz, biotite, 
and muscovite. 

Paleozoic Sedimentary Recks: The Paleozoic sedi- 
mentary formations consist of gray sandstone with 
gray to black shale and a few thin beds of limestone 
of Pennsylvanian age. In the vicinity of Little Bart- 
lett Mountain, a mile north of Climax, there are two 
small areas of Sawatch quartzite of Cambrian age: 
they are the only sedimentary rocks east of the Mos- 
quito fault in the vicinity of Climax. 
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Tertiary Igneous Rocks: Igneous rock presumably 
of early Tertiary age forms dikes and stocks in the 
pre-Cambrian crystalline rocks and sills and dikes 
in the Pennsylvanian shales and sandstones. These 
intrusive bodies are generally similar in composi- 
tion and range from a quartz monzonite to diorite, 
quartz monzonite being the predominant type. 


Porphyry dikes are a common feature in the crys- 
talline rocks throughout the extent of the Mosquito 
Range from Leadville northward. These dikes inter- 
sect all other formations and therefore represent the 
last recognized igneous intrusive rocks. They are 
characterized by conspicuous quartz and large ortho- 
clase phenocrysts in a fine-grained to aphanitic 
groundmass. Small plagioclase phenocrysts and bio- 
tite are common. The margins of the dikes com- 
monly are felsitic. 

In the vicinity of the Climax molybdenite deposit, 
as in adjoining areas, the more basic dikes are the 
older and quartz monzonite the younger; detailed 
correlation is difficult. Quartz monzonite porphyry 
dikes with large orthoclase phenocrysts are called 
Lincoln porphyry because of similarity with sills 
found on Lincoln Mountain several miles to the east. 
The terms porphyry or quartz porphyry dike find 
common usage for those light-colored dikes in which 
quartz or feldspar predominate. 


Within the area of hydrothermal alteration all 
dikes are altered. In some there is sufficient molyb- 
denite to make good ore and in others, including 
dikes within the main ore zone, molybdenite is rare. 
Relatively little plagioclase escaped alteration, and 
the resulting rock is mineralogically granite. 

Dikes are 10 to 50 ft wide and vary in length; 
some are traceable for a mile or more. North- 
northwesterly and north-northeasterly trends and 
steep dips predominate. 
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Plans and Sections Show Porphyry Stock with Domal Top at Climax 
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Fig. 5—180 Section 


Climax Porphyry Stock: Several quartz monzo- 
nite stocks of Tertiary age occur in the mineral belt 
in central Colorado and two in the Mosquito Range 
near Climax. One such stock is located a little north- 
east of Kokomo about 5 miles from Climax, and an- 
other crops out to the southeast near the head of 
Buckskin Gulch. More distant are the Montezuma 
stock, at Montezuma 30 miles to the northeast, and 
the Princeton batholith northeast of Salida 55 miles 
to the south. In reality these rocks range in composi- 
tion from monzonite to granite and the average 
seems to be intermediate between quartz monzonite 
and granodiorite. The authors follow Ransom in 
using quartz monzonite for the group. Crawford 
(1924), who studied these stocks, interpreted them 
as evidence of the presence of a large batholith 
underlying the area of Mt. Princeton on the south- 
west to Montezuma on the northeast, a distance of 
about 85 miles. 

Within the area of hydrothermal aiteration at 
Climax a porphyry stock, see Figs. 2-6, with a domal 
top has been identified and mapped in many of the 
mine workings and diamond drillholes. This stock is 
tentatively correlated with the group referred to 
above. It is circular in plan and the most pronounced 
hydrothermal alteration has occurred above and 


TRANSACTIONS AIME 


Fig. 6—16 Section 


around the upper part. The stock extends from 100 
ft above the Phillipson level, see Figs. 5 and 6, to 
below the limit of diamond drilling 700 to 1000 ft 
below the Phillipson level. To the southwest of the 
main stock a branch or arm of the porphyry extend- 
ing upward was mapped at surface in a small area 
stripped of its soil cover in preparation for mining. 
The porphyry is light gray to pink and is medium- 
grained and massive, with characteristic quartz and 
orthoclase phenocrysts in a fine-grained quartz 
orthoclase groundmass, see Fig. 7. 

When first encountered the porphyry stock was 
called early porphyry because it contained greater 
concentrations of molybdenite than had been found 
in porphyry dikes; this was considered suggestive of 
relative age. Somewhat later, dikes with an abun- 
dance of molybdenite were found intersecting the 
porphyry stock. To avoid the general confusion 
arising from use of an age designation the term 
Climax porphyry was introduced by Howell and 
Schassberger (1953).” 

The Climax porphyry, like the dikes, has under- 
gone hydrothermal alteration which eliminated 
plagioclase and left a rock which mineralogically is 
granite. Plagioclase is rare above the 500 level but 
albite-oligoclase occurs in increasing amounts with 
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Figs. 7a and 7b—Polished surfaces of Climax porphyry. Fig. 7a (left)—From central area on Phillipson level. Note large proportion 
of phenocrysts to groundmass. Dark bands are molybdenite-quartz veins. Fig. 7b (right)—From southwest area on Phillipson level. 
Note small proportion of phenocrysts to groundmass. Gray bands are molybdenite-quartz veins. 


depth below this level. This relationship and the 
quartz monzonite composition of the stocks in the 
nearby areas are the basis for the belief that the 
original composition of the Climax porphyry was 
quartz monzonite. 


Tectonic Structure 


The major structural features of the Climax area 
are faults and fractures, most of which were formed 
during the Laramide revolution or later. It is as- 
sumed that earlier jointing occurred. Tertiary igne- 
ous activity is believed to have existed during this 
period. Some folding of the rock since Cambrian 
time is indicated by the attitudes of the Paleozoic 
sedimentary formation. Structures originating in 
pre-Cambrian time, other than intersecting joint 
systems, have not been recognized in the Climax 
area as having had important bearing on the local- 
ization of the area of hydrothermal alteration. 

Faults: The Mosquito fault bounding the molyb- 
denite deposit on the west, see Fig. 1, extends south- 
erly as far as Leadville and for many miles to the 
north beyond Climax. Displacement along the Mos- 
quito fault has placed the pre-Cambrian rocks op- 
posite Paleozoic formations. East of Climax the fault 
strikes N 10° E and dips 72° W. It is normal, with 
displacement estimated between 2000 and 7000 ft. 
Pennsylvanian sedimentary rocks with included por- 
phyry sills are dragged up sharply against the fault 
on the west or hanging wall. Cambrian quartzite 
that caps some of the higher peaks of the Tenmile 
Range dips 20° to 25° E on the Continental Divide, 
a few miles east of Climax, but it dips westerly 
east of the Mosquito fault in the vicinity of Little 
Bartlett Mountain and also 10 miles to the south in 
the northern part of the Leadville district.“ This 
structure in the quartzite suggests that a broad 
monoclinal fold existed in the sedimentary rocks 
before movement on the Mosquito fault originated. 

Faults with small displacements that offset Ter- 
tiary porphyry dikes are common everywhere in the 
Mosquito Range. 

In the upper levels of the Climax mine a strong 
fractured zone known as the Major fault, also called 
East fault, flanks the molybdenite orebody on the 
northeast. The fault strikes N 23° W and dips 42° 
easterly. Recognized early during the mining opera- 
tions, this zone was originally thought to have off- 
set the orebody. Subsequent exploration of the ore- 
body by drifting and diamond drilling has not 
provided conclusive evidence to show whether the 
orebody or Tertiary dikes that cross the zone are 
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offset. The zone has been traced in drillholes as far 
as the 500 level. The Major fault is poorly exposed at 
surface and is believed to die out to the southeast 
because it could not be identified in good rock out- 
crops flanking Tenmile Creek. In the mine workings 
and diamond drilling the fault zone is 10 to 50 ft 
wide, consisting of crushed granite and schist with 
much sericite, clay minerals, and local concentra- 
tions of fluorite. Discontinuous slickensided surfaces 
are common in the zone. 

The second most prominent fractured zone occurs 
in the westerly part of the mineralized area. This 
west shear zone is curved, with a strike N 50° to 
80°W, and dips approximately 25°NE. The west 
shear zone is recognized by the occurrence of brec- 
ciated wall rock and molybdenite ore cemented by 
banded and vuggy quartz over widths of 2 to 50 ft. 
The zone cuts across the orebody and is exposed on 
the Phillipson level and on lower mine workings. 

Irregularities in the ore-zone boundaries where 
they cross the west shear zone have at various times 
been regarded as evidence of post-mineral displace- 
ment. Evans and King (1939)* calculated a possible 
direction of movement on the west shear zone by 
projecting irregularities in ore zone limits and 
porphyry dikes from the nearest drift or drillhole 
intersections. However, such irregularities are no 
greater adjacent to the west shear zone than where 
faults are not present. 

Pattern of Fracturing: Closely spaced fractures, 
some of which exhibit typical joint patterns, are 
found throughout the mineralized area at Climax 
and surrounding area. The number of fractures in- 
creases gradually from about one per foot, typical of 
the unaltered pre-Cambrian country rock, toward 
the zone of greatest molybdenite concentration 
where the fractures are spaced as close as one per 
inch. Late dike rocks that have cross-cutting rela- 
tionships with the pre-Cambrian rocks, ore zones, 
and quartz rock also are highly fractured but to a 
lesser degree than the pre-Cambrian rocks. The in- 
tricate pattern of fracturing at Climax was noted 
early. Billingsley and Lyon (1918)" in their mapping 
of the Leal level believed that many of the fractures 
were faults with small displacement. 

In the Phillipson tunnel northwesterly alignment 
of fracturing is evident. Early attempts were made 
to map and plot all joints, fractures, and veins in an 
unsuccessful effort to discover a possible structural 
control of the orebody. A plot of the strike of several 
hundred fractures of all sizes produced two max- 
ima: N 10° to 15°W and N 15° to 20°E, the greater 
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Figs. 8a and 8b— Molybdenite-quartz veins. Fig. 8a (left)—Typical ore. Silyer Plume granite with molydbenite-quartz veins. White 
marker points to a pyrite-quartz-topaz vein. Uniform texture is typical of granite. Fig. 8b (right)—Typical ore. Schist of the Idaho 
Springs formation with molybdenite-quartz veins. White markers point to pyrite-quartz-topaz yeins. 


number in the group having the northeast strike. 
These two maxima may represent a conjugate sys- 
tem of fractures related to early movement on the 
Mosquito fault. Many Tertiary porphyry dikes, Fig. 
1, have northeast strikes in the Climax vicinity. 


Hydrothermal Alteration 


The most valuable guides for directing explora- 
tory diamond drilling to extend the ore zone was its 
relation to the quartz rock and the relation of the 
quartz rock to the Climax porphyry. A proper un- 
derstanding of these relationships is considered es- 
sential for an understanding of hydrothermal altera- 
tion and its origin at Climax. 

Relationships are too complex for clear description 
and therefore frequent reference is recommended to 
the mine plans and sections shown in Figs. 2-6. 

Molybdenite, found throughout the altered area, 
is regarded as an integral part of the problem of 
hydrothermal alteration. Mine workings and dia- 
mond drill core were sampled at 10-ft intervals for 
determination of molybdenite content. As a result 
more is known about concentration and distribution 
of the molybdenite than any other feature related 
to the alteration. The ore zone, see Figs. 2-6, which 
includes 0.4 pet molybdenite and higher, being well 
established quantitatively, becomes a useful refer- 
ence zone for comparing rock alteration and other 
hydrothermal changes that have occurred. However, 
it should be kept in mind that the ore zone is 
bounded by assays representing an economic limit; 
like other features of hydrothermal alteration, the 
changes in the molybdenite content are gradational. 

Deposition of molybdenite and related hydro- 
thermal alteration extends over an area about a mile 
in diameter in Tenmile Amphitheatre immediately 
east of the Mosquito fault, see Fig. 1. At surface the 
area is marked by limonite-stained granite and schist. 

Mine workings and related diamond drilling con- 
centrated in the central part of the area limit obser- 
vation on the Leal level to an area 1400 by 1600 ft 
and on the 500 level to an area 3200 by 4000 ft. 
Observations in marginal areas are confined to scat- 
tered weathered outcrops and one diamond drillhole 
to the north, one to the east, and one to the south of 
the mine workings. 

Changes produced by hydrothermal alteration are 
least in the marginal area and greatest in the central 
area, from the surface to the greatest depths reached 
by exploratory work. Changes in rock alteration are 
gradational throughout the area. 
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The area of hydrothermal alteration is character- 
ized by 1—numerous closely spaced and intersect- 
ing small veins and 2—pronounced alteration of 
rock between the veinlets. These features are to be 
found in each rock type. 

Small Veins: On the basis of the relative age rela- 
tionships and mineral content, three types of vein- 
lets occur, 1—molybdenite-quartz, 2—pyrite-topaz- 
quartz, and sericite and topaz. 

Molybdenite-Quartz Veins: The majority of the 
quartz-molybdenite veins, see Fig. 8, are less than 
Wy in. wide; a few veins are \% in. wide. The molyb- 
denite in small well-formed crystals is concentrated 
along the walls of the veins and commonly quartz is 
the only gangue mineral. Varying amounts of ortho- 
clase, sericite, pyrite, and fluorite usually are present 
in scattered grains in the central parts of the veins. 
Orthoclase also occurs along the walls of the veins 
and in places sericite encases the molybdenite or is 
otherwise closely associated with it. The grain size 
of the minerals contained in the veins is a millimeter 
or less. 

It would be appropriate to refer to this group of 
veins merely as quartz veinlets containing varying 
amounts of molybdenite, orthoclase, fluorite, pyrite, 
and sericite. The molybdenite content is not the 
same in all the veins and its distribution along the 
strike of a given vein is not uniform. The extremes 
in mineral composition are milky quartz with no 
molybdenite to molybdenite veinlets with negligible 
amounts of quartz. However, the term molybdenite- 
quartz is used because molybdenite is present in the 
majority of the veins and is characteristic of the 
group as distinguished from the other groups which 
do not contain molybdenite. 

In the outer part of the area of hydrothermal 
alteration, the number of quartz veinlets is small and 
the number increases gradually towards the central 
area. In the ore zone, see Figs. 8a and 8b, over widths 
of 300 to 500 ft, see Figs. 2-6, the number of molyb- 
denite-quartz veinlets averages 10 to 12 or more per 
ft and it is not possible to find a piece of rock of 
average hand-specimen size that does not contain 
several molybdenite-quartz veinlets. Above the 
Phillipson level, the ore zone is continuous around 
an elliptical area of fine-grained quartz. Passing 
from the ore zone to the fine-grained quartz, over a 
distance of 10 to 50 ft, the veins increase in number 
and width toward the central area until they merge 
to form continuous fine-grained quartz. The molyb- 
denite content gradually decreases to less than 0.2 
pet in the quartz rock. ‘ 
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The molybdenite-quartz veinlets stand out con- 
spicuously in hand specimens because of the con- 
centrations of molybdenite. However, the walls are 
not always well defined. Under a hand lens, the 
boundaries of the veinlets are indistinct, and under 
a microscope, see Fig. 9, the minerals in the veins 
show an irregular and gradational relationship with 
the quartz and orthoclase of the wall rock, suggest- 
ing a replacement origin of the veins. 

The molybdenite-quartz veinlets are well devel- 
oped in each rock type in the ore zone. Veinilets with 
molybdenite and a minimum of quartz are charac- 
teristic in areas of schist, and such veinlets present 
surfaces of weakness which tend to break open, ex- 
posing fracture surfaces coated with molybdenite. 
Some of the porphyry dikes do not show an appreci- 
able amount of molybdenite, whereas others contain 
as many veinlets as other rock types. The differences 
noted in schist and porphyry dikes are attributed to 
differences in the amount of fracturing. 

Pyrite-Quartz-Topaz Veins: The pyrite-quartz- 
topaz veinlets, see Fig. 8, are less numerous than 
the molybdenite-quartz veinlets, across which they 
cut. They range from % to % in. wide. The quartz 
occurs along the walls and the pyrite with topaz 
usually along the central part, although it is com- 
mon for the pyrite and topaz, occurring together or 
separately, to occupy the full width of parts of the 
veins. These veins are surfaces of weakness, and 
when they are broken open fracture surfaces spotted 
or coated with pyrite are common. 

The minerals characteristic of the pyrite-quartz- 
topaz veins are hubnerite** and small quantities of 


** Hubnerite was first described by Butler and Vanderwilt (1931) 
on the basis of microscopic observations on color, cleavage, and 
streak. Somewhat later large hand-picked crystals from a quartz 
vein were identified as wolframite on the basis of chemical analyses 
made by chemists of the Climax Molybdenum Co. and it was 
assumed that the fine-grained variety also had the same iron con- 
tent. Recently Haines!5 identified the fine-grained tungsten mineral 
as hubnerite on the basis of X-ray diffraction studies. 


chalcopyrite, galena, sphalerite, rhodochrosite, seri- 
cite, and fluorite. Molybdenite is not present and 
only occasional grains of orthoclase were observed. 
Topaz is characteristically associated with the pyrite. 
The hubnerite occurs in laths or diamond-shaped 
crystals frozen to the walls of the veins. Small cavi- 
ties lined with quartz, topaz, sericite, and locally 
cassiterite and sulphides are common features of 
these veins. The sharp walls and the cavities occur- 
ring along the center suggest that these veinlets are 
filled fractures. 

The average grain size of the silicate minerals and 
fluorite is about 1 mm and that of the sulphides 2 
to 3 mm. The topaz grains are anhedral except 
for some grains that have orthorhombic elongations 
and show basal cleavage. With a few exceptions topaz 
can be recognized only microscopically. 

The cross-cutting relationship of this group of 
veins with the molybdenite-quartz veins, the rela- 
tive abundance of pyrite, and the absence of molyb- 
denite serve to identify them as a group. They occur 
with general uniformity throughout the area ex- 
plored by mine workings and related diamond drill- 
ing, but whether they extend as far as molybdenite- 
quartz veinlets is not known. In the porphyry dikes 
and in the large area of fine-grained replacement 
quartz, the pyrite-quartz veinlets, which probably 
average 1 to 2 per ft over large areas, also show 
general uniformity. 

Sericite and Topaz Veins: Topaz veins, see Fig. 10, 
many of which are only a few millimeters wide, and 
small sericite veins are common; they cut across 
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pyrite-quartz veinlets. Topaz and sericite occur to- 
gether in the same vein or separately in different 
veins. Seattered grains of pyrite are common. Sericite 
frequently occurs along joints, particularly in the 
area of fine-grained quartz. 

Kaolinite and montmorillonite occur in the seri- 
cite and topaz veinlets. These clay minerals have 
been identified by X-ray diffraction patterns. Micro- 
scopic identification has not been satisfactory and 
detailed relationships are not fully known. 

Rock Alteration Between Veins: Alteration be- 
tween the veinlets includes development and/or in- 
troduction of the same minerals that make up the 
three groups of veins described above. For conven- 
ience of discussion the area of alteration has been 
subdivided into three parts, each grading into the 
adjoining one: 1—the marginal area outside the ore 
zone, 2—the ore zone, and 3—the quartz rock. 

Marginal Area Outside the Ore Zone: For reasons 
stated earlier it has not been possible to study in 
detail the extreme outer part of the area of altera- 
tion. At distances of 500 to 1000 ft from the outer 
limit of the ore zone the rock shows sufficient im- 
pregnation of pyrite to produce, upon weathering, 
limonite-stained outcrops. The biotite shows bleach- 
ing and replacement by muscovite. Clay and sericite 
alteration occurs in the plagioclase, leaving ortho- 
clase less altered. Throughout the area outside the 
ore zone identification of the granite, schist, and por- 
phyry in thin sections or in hand specimens is rela- 
tively easy. 

Within 100 to 200 ft of the ore zone considerable 
secondary orthoclase and quartz have developed, 
replacing plagioclase, orthoclase, and muscovite in 
the granite and Tertiary porphyry rocks. Replace- 
ment of schist by quartz and orthoclase often is 
preceded by conversion of the biotite to fine-grained 
muscovite. Quartz-orthoclase replacement is usually 
proportional to the number of molybdenite-quartz 
veinlets present. As a rule rock identification in the 
marginal area outside the ore zone is not difficult, 
especially in thin section, because of original min- 
erals which can be recognized. 


Rock Types in the Ore Zone 


Identification of rock types in the ore zone is diffi- 
cult, especially in the area close to the quartz rock. 
Individual hand specimens or thin sections are in- 
sufficient to distinguish one rock type from another; 
dependable identification can be made only by obser- 
vation of gradual changes from the outer areas 
where positive identification is possible. Transition 
between the fine-grained quartz rock and the ore 
zone, in which identification of rock types is difficult, 
varies in width as follows: fine-grained quartz area 
and other rocks, 10 to 50 ft; Silver Plume granite 
and schist, 0 to 25 ft; porphyry dikes and other rocks, 
0 to 5 ft; and porphyry stock and Silver Plume 
granite, 50 to 100 ft. 

Schist tends to resist alteration more than either 
granite or porphyry; however, within the ore zone 
the concentration of molybdenite is as great and the 
orthoclase replacement as pronounced in schist as in 
granite or porphyry. Even in highly altered areas 
schist is relatively easy to identify in places because 
of the remnants of biotite or the presence of fine- 
grained muscovite and sericite oriented parallel to 
the original foliation of the schist. 

Silver Plume granite in the ore zone is a fine- 
grained mixture, see Fig. 11, of water-clear sec- 
ondary orthoclase and quartz with varying amounts 
of sericite, fluorite, and other minerals. Remnants 
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Fig. 9 (left)—Photomicrograph of molybdenite-quartz veins. Molybdenite (black) along one wall of a molybdenite-quartz vein (be- 
low) in gradational contact with granite (above). X24. Fig. 10 (right)—Topaz vein, with quartz and pyrite along central part, in ore 
zone in granite. X24. Crossed nicols. 


Fig. 11 (left)—Typical granite alteration between veins in ore zone. Large speckied gray areas are primary orthoclase. Clear gray 
and white areas are secondary orthoclase and quartz. Black hexagonal plates and laths are molybdenite. Light areas partly sur- 
rounding molybdenite are sericite. Small grains of high relief in primary orthoclase are fluorite. X24. Fig. 12 (right)—Silver Plume 
granite from the west slope of Bartlett Mountain north of the caved area. Orthoclase, gray; microcline, cross-lattice structure; 
quartz, white; and biotite, dark gray to black in center and upper left. X24. 


Fig. 13 (left)—Quartz rock. X24. Crossed nicols. Fig. 14 (right)—Albite-oligoclase in Climax porphyry from 700 ft below the 500 
level. X24. Crossed nicols. 
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of altered and partly replaced cloudy primary ortho- 
clase are common. The cross-lattice structure of the 
microcline, plagioclase, biotite, muscovite, and mag- 
netite characteristic of the Silver Plume granite, see 
Fig. 12, are not found in the granite in the ore zone. 

The Silver Plume granite and Climax porphyry 
are particularly difficult to tell apart in the ore zone 
except in areas where quartz phenocrysts are pres- 
ent. Porphyry dikes usually retain a pronounced 
porphyritic texture and thus are easy to identify. 

In the ore zone hydrothermal or secondary ortho- 
clase replacement predominates over quartz replace- 
ment. The orthoclase and quartz, as seen under the 
microscope, replace the primary minerals along 
crystal boundaries and to some extent along cleav- 
age planes. Cross-cutting veinlets also occur. Sericite 
occurs in the primary orthoclase and interstitial to 
the other minerals. Quartz replacement predomi- 
nates over orthoclase in the transition between the 
ore zone and fine-grained quartz. 

Quartz Rock: A large mass of fine-grained quartz 
somewhat like quartzite is exposed at the surface in 
the central part of the area of hydrothermal alter- 
ation. In reports prior to 1924 the quartz rock has 
been referred to as quartzite, alaskite, aplite, and 
pegmatite. Butler and Vanderwilt (1933)” described 
it as highly silicified rock. The quartz rock forms a 
massive cap 600 ft thick over the domal top of a 
porphyry stock, see Figs. 5 and 6, the top of which 
is several hundred feet below the surface and about 
100 ft below the Phillipson level. On the Phillipson 
level, see Fig. 2, the quartz rock covers an elliptical 
area measuring 1400 by 1900 ft. On this level the 
porphyry stock occupies a circular area 800 ft 
across, completely surrounded by the fine-grained 
quartz. The fine-grained quartz blankets the north 
and west flanks of the porphyry stock to depths rang- 
ing 500 to 700 ft below the Phillipson level, but it 
extends only a short distance below this level on the 
south and east side of the stock, compare Figs. 3 and 
4. Although contacts with other rock units are grad- 
ational, as stated earlier, the quartz rock is an easy 
unit to map; its texture and light-gray to white 
color set it apart from other rocks in the area of 
hydrothermal alteration. 

The texture of the quartz rock is uniform, consist- 
ing of equidimensional grains averaging 1 mm or 
slightly less in diameter, see Fig. 13. On the basis of 
one chemical analysis (Butler and Vanderwilt 
1933),” thin-section studies, and examination of dia- 
mond drill core, it can be stated with confidence 
that a quartz content of 98 pct prevails over large 
areas. Minor quantities of orthoclase, scattered 
grains of molybdenite, hubnerite, fluorite, sericite, 
and topaz are common. Molybdenite content ranges 
from 0.01 to 0.3 pet. Locally pyrite-quartz veinlets 
and sericite and topaz veinlets are present, usually 
with clay minerals. 

The ore zone is adjacent and outside the quartz 
rock, but typical molybdenite-quartz veinlets, char- 
acteristic of the ore zone, are not present in the area 
of fine-grained quartz. In places close to the ore zone 
indistinct bands and parallel streaks of molybdenite 
occur which suggest replacement remnants of earlier 
molybdenite-quartz veins. 

A second area of quartz rock, see Figs. 3 and 4, 
geologically and mineralogically like the first, occurs 
several hundred feet below the domal top of the 
porphyry stock. On the 500 level this second area of 
quartz rock has a horizontal extent of 400 by 800 ft. 
Diamond drilling has not fully outlined the extent 
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of this second quartz area, but to the depth reached 
the size is relatively small compared with the first 
and larger area described. 

The quartz rock is regarded as a replacement 
largely of Silver Plume granite and Idaho Springs 
formation and, to some extent, the Climax porphyry. 
The fine-grained quartz grades into the ore zone, and 
in the interval of transition remnants of the rock 
found in the adjoining ore zone are present. Mega- 
scopically and microscopically the fine-grained 
quartz in the molybdenite-quartz veins is like the 
quartz in the large area of quartz rock. This invari- 
able gradational change from quartz rock to granite, 
schist, and porphyry is the basis for the belief that 
the fine-grained quartz area is a hydrothermal re- 
placement of these rocks. 


Hypogene Minerals 


With reference to adularia, see the paragraph under 
orthoclase, p. 49. 

Albite is lacking or occurs only in minor amounts 
above the 500 level and for some distance below in the 
Climax porphyry. Below the 500 level Howell and 
Schassberger (1953) report secondary albite. The 
authors, who have observed albite-oligoclase only at 
depths greater than 300 to 600 ft below the 500 level, 
see Fig. 14, regard these as original constituents of the 
Climax porphyry. 

Allophane is listed in the paragraphs under clay 
minerals and sericite, p. 50. 

Brannerite is present in minor quantities as small 
rectangular elongated euhedral crystals associated with 
quartz and hubnerite. 

Chalcopyrite is present in small quantities in pyrite- 
topaz-quartz veins and commonly is associated with 
fluorite in the larger fractures. Galena and sphalerite 
are associated minerals. 

Cassiterite was identified in the course of metallur- 
gical research by the research staff of Climax Molyb- 
denum Co. Sears (1952)° describes cassiterite as occur- 
ring 1—with molybdenite as the older of the two; 2— 
in sericitized areas; 3—in relatively large and angular 
grains related to quartz-topaz, which carries hubnerite 
and cuts across the earlier quartz-molybdenite veins; 
and 4—between biotite plates in unaltered schist cut 
by quartz veinlets. Cassiterite seems to have been de- 
posited before molybdenite and also definitely later. 
In.schist it occurs in dark straw-yellow rounded grains 
of less than 0.02 mm diam and in granite in dark red- 
dish angular grains. Sears believes the cassiterite may 
be a reconcentration of an earlier deposited mineral by 
Tertiary hydrothermal solutions. 

Dickite is mentioned under clay minerals, p. 50. 

Fluorite is widespread in its occurrence. It may be 
red, purple, green or colorless. Scattered anhedral 
microscopic grains are common in the groundmass of 
the rock throughout the area of hydrothermal altera- 
tion including the quartz rock. Fluorite is characteris- 
tic in small amounts in the molybdenite-quartz, pyrite- 
topaz-quartz, and topaz-sericite veinlets. It occurs as 
lenses 6 to 12 in. thick in larger fractures like the 
Major or East fault and west shear zone. On the north 
slope of Ceresco Ridge well outside the ore zone a 
14-in. vein of white fluorite has been noted. In the 
larger fissures fluorite occurs alone or with minor 
amounts of chalcopyrite, galena, and sphalerite. 

Galena, present as occasional grains in pyrite-topaz- 
quartz veinlets, is commonly associated with sphalerite 
and chalcopyrite and with fluorite in larger fractures. 

Halloysite is referred to under clay minerals, p. 50. 

Hubnerite was first identified by Butler and Vander- 
wilt (1933)" on the basis of its optical properties. Later 
analyses of hand-picked crystals from a quartz vein 
indicated an iron content of wolframite, and this term 
was used for several years. More recently Haines 
(1953) reported that an X-ray diffraction pattern for 
hubnerite had been obtained from a large crystal and 
from carefully cleaned grade A. wolframite concentrate 
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containing 1.94 pct iron, 
should be classed hubnerite. 
The hubnerite at Climax is reddish to reddish brown 
in small grains and dark brown to black in larger 
grains. In thin section it is deep red. Crystal grains 
are irregular to lath and diamond-shaped forms. 

The most common occurrence of hubnerite is in 
pyrite-topaz-quartz veins described earlier. It is pres- 
ent in scattered grains throughout the area of hydro- 
thermal alteration and as finely disseminated grains 
along cleavage planes of fresh biotite in schist.’ Hub- 
nerite crystals up to 1 in. across and 1 to 2 in. long in 
quartz veins several inches wide have been noted in 
two places. These quartz veins show cavities lined with 
quartz crystals. Hubnerite in the form of such large 
crystals has no commercial significance; the fine- 
grained hubnerite has provided nearly 2 million pounds 
of tungsten (WO,) since 1949. The tungsten (WO,) 
content in the ore zone ranges from 0.02 to 0.04 pct 
over large areas, but concentrations of 0.1 pet WO, are 
common in 10 to 50-ft samples of diamond drill core 
and mine workings. 

Ilmenorutile, identified in tungsten concentrate, has 
not been observed in thin sections or hand specimens. 
The grains are subhedral, suggesting tetragonal forms. 
Analyses by Ronzio (1951)* of carefully purified mate- 
rial showed 5.2 pet columbium and 6 pct iron. Spectro- 
graphic analyses show no tantalum present. The min- 
eral is almost opaque; thin edges show brown color in 
strong transmitted light under the microscope. 

Kaolinite is discussed under clay minerals and under 
sericite, p. 50. 

On the basis of X-ray diffraction pattern lepidolite 
has been reported by Mielenz et al. (1952),° who de- 
scribed it “as reddish brown micaceous deposits as- 
sociated with pyrite.” Lithium has been reported as a 
trace element in spectrographic analyses, but this is to 
be expected in any micaceous rock. A chemical analysis 
of material selected for possible lepidolite failed to 
show more than a trace of lithium, and the presence of 
lepidolite must be considered questionable. 

Mielenz et al. report that magnesite and/or bruen- 
nerite occur as small anhedral to euhedral crystals and 
fine-grained masses in 6 of 23 samples across the ore 
zone on the Storke level. In a sample from the Major 
or East fault large rhombohedral crystals of magnesite 
were noted “in association with muscovite, quartz, 
fluorite, and small amounts of sphalerite, galena, and 
molybdenite.” Both the index of refraction and X-ray 
diffraction pattern suggest the presence of the iron 
carbonate (FeCO,) molecule. 

Molybdenite, the important ore mineral, is found 
throughout the area of hydrothermal alteration. The 
crystals are tabular and six-sided, usually too small to 
be seen in the crystal form with a hand lens. Under a 
microscope hexagonal forms are common, but much of 
the molybdenite appears as black specks under ordi- 
nary magnifications. Haines (1953) states that his 
X-ray studies show all minerals examined to be crys- 
talline. The mineral is easy to recognize because of its 
metallic-gray to black color and its greasy softness like 
that of graphite. It is present as scattered flakes 
through the rock, usually associated with hydro- 
thermal orthoclase and quartz. The most characteristic 
occurrence is in the quartz-molybdenite veinlets. 

Montmorillonite is discussed under clay minerals and 
sericite, p. 50. 

Menazite is a by-product in the recovery of hub- 
nerite and in concentrated form shows a light golden 
brown color. In thin section the grains are nearly 
opaque and the grain size is but a fraction of a milli- 
meter. The occurrence of monazite is similar to that of 
cassiterite. It has not been an important byproduct. 

Muscovite is referred to under sericite, p. 50. 

Orthoclase is exceeded in quantity only by quartz 
and in the ore zone predominates over quartz. It is the 
common product of hydrothermal alteration in areas 
between veins, it is common in molybdenite quartz 
veins, and it. occurs sparingly in. pyrite-topaz-quartz 


Accordingly the mineral 
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veinlets. Like quartz it replaces each rock type and is 
associated throughout the area with the other mineral 
products of hydrothermal alteration. 

The fine-grained secondary quartz and orthoclase 
assemblage is the predominating groundmass through- 
out the ore zone, irrespective of rock type, granite, 
schist, porphyry dike, or Climax porphyry. 

Pink feldspar in veins and in rock groundmass has 
been called adularia by Mielenz et al.” on the basis of 
its X-ray diffraction pattern that “differs slightly from 
that of typical orthoclase.’’ Pinkish orthoclase, noted 
in each rock type, seems to be more common in the 
Climax porphyry and Silver Plume granite. Orthoclase 
as used in this report includes the pink feldspar. 

With minor exceptions orthoclase is fine-grained and 
can be identified only under the microscope. In thin 
section it is characterized by water-clear anhedral 
grains measuring 1 mm or less. The usual feldspar 
twinning is uncommon. In contrast, original orthoclase 
is cloudy, with dusty inclusions tentatively identified 
by Mielenz” and by Sears’ as allophane. The grain size 
of original orthoclase ranges from small grains to crys- 
tals 15 to 20 mm across, some of which show carlsbad 
twinning. 

Fine-grained orthoclase predominates over quartz as 
a product of hydrothermal alteration of granite, schist, 
and porphyry in the ore zone and in the marginal area 
outside the ore zone. 

Pyrite is widespread in its occurrence, probably even 
more so than molybdenite. In the ore zone the pyrite 
content is estimated to average 2 pct over large areas. 
The common crystal form is the cube. Poorly devel- 
oped pyritohedrons also are present. Some pyrite is 
present in each type of veinlet, but it is particularly 
characteristic in the pyrite-topaz-quartz veins which 
intersect veins in the quartz-molybdenite group. Grain 
size usually is 1 mm or less; exceptions are pyrite 
cube faces 1 in. or more found locally in open parts of 
quartz veins. 

Quartz, one of the most abundant minerals, consti- 
tutes 90 to 98 pct of the large area of quartz, 10 to 20 
pet of the ore zone, and progressively lesser amounts 
in the marginal area of alteration outside the ore zone. 
Grain size of the quartz is uniform, and equidimen- 
sional grains are usually less than 1 mm. Numerous 
quartz crystals 1 by 3 mm to 2 by 5 mm occur in late 
sericite veins. Small quartz crystals commonly line 
small cavities found in pyrite-topaz-quartz veinlets. 

Quartz replaces each of the rock minerals and is 
associated throughout the area of alteration with each 
other mineral product of hydrothermal alteration. 

Rhodochrosite occurs sparingly in pyrite-topaz- 
quartz veins and frequently is associated with small 
amounts of sulphides of copper, lead, or zinc. It is 
easily recognized because of the characteristic pink 
color and rhombohedral cleavage. 

Sphalerite occurs as dark brown to resinous brown 
crystals and grains in the group pyrite-topaz-quartz 
veins and commonly is associated with fluorite in the 
larger fractures. Galena and chalcopyrite are associat- 
ing minerals. 

Topaz occurs in each rock type. It is characteristic 
of veinlets which intersect molybdenite-quartz vein- 
lets and it is common in the groundmass of the rock. 
Topaz is closely associated with pyrite in the pyrite- 
topaz-quartz veins, with sericite in late veins, occasion- 
ally with molybdenite and fluorite, and also alone in 
thin seams that cut across quartz veinlets. With rare 
exceptions it occurs in equidimensional microscopic 
grains and to a small extent elongated grains with 
cleavage normal to the long dimension. 

In only two places have topaz crystals been found 
that were identifiable megascopically and one of these 
occurred in a sericite vein in the quartz rock. The 
topaz was in the form of a tabular aggregate of crys- 
tals with good crystal termination projecting in all 
directions, suggesting a crystal growth in a cavity. 
Perched on the topaz were quartz prisms coated by a 
few crystals of hubnerite and sericite. 
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It is estimated that the topaz content of the ore aver- 
ages around 2 pct over large areas and analyses show 
a relatively high fluorine content. 


Supergene Minerals 

Molybdite, which also may be called ferromolyb- 
dite or molybdic ocher, is a fine-grained yellow 
earthy to fibrous mineral. It occurs characteristically 
at surface and within 100 ft of the surface. Along 
some fractures it is present to depths of several 
hundred feet. The recent development of molybdite 
was noted along the walls of the old Denver tunnel. 
Molybdite has not been a source of molybdenum 
production. 

Limonite is widespread at the surface and gives 
to the area of alteration the typical yellow coloration 
of this mineral; reddish colors occur in places. Limo- 
nite is an alteration product of pyrite. 

Jarosite is common as ocher-yellow incrustations 
along fractures near the surface. 

Small coatings of gypsum noted on oxidized pyrite 
veinlets at surface have been regarded as a second- 
ary mineral. More recently Mielenz et al. (1952)” 
noted minute anhedral crystals of gypsum along 
fractures of a few samples from the Storke level. A 
similar occurrence was noted on the Phillipson level. 
In ore samples the gypsum occurs as subradiate 
clusters and euhedral forms within crystals of ortho- 
clase. These clusters are present only in the imme- 
diate vicinity of fractures. The Phillipson and Storke 
levels are several hundred feet below the surface 
and the gypsum noted is believed to have formed 
from mine waters. 

The green coatings characteristic of chalcanthite 
is common locally on walls of mine workings. 

Torbernite (Metatorbernite?) has been observed 
as pale green tabular tetragonal crystals with pyrite 
in late veins and as sparse disseminations in fresh 
appearing highly silicified rock. 


Clay Minerals 

Studies made by several geologists on argillation, 
in particular the work of Sales and Meyer (1948),” 
and Lovering (1950)” served to direct attention to 
the possible importance of clay minerals in the 
Climax molybdenite deposit. Two suites of samples 
selected at 100-ft intervals to represent two parallel 
sections across the ore zone were submitted to 
Mielenz, Schieltz, and King” for study. One suite 
of 10 samples came from 311 drift and one suite 
with 11 samples came from 317 drift, both on the 
Storke level 600 ft apart. The rock in this part of the 
ore zone is Silver Plume granite with some schist. 
Dickite was noted in only one sample where it oc- 
curred as euhedral (pseudohexagonal) crystals in 
seams cutting intermixed prismatic quartz and 
micro-crystalline kaolinite. Kaolinite was reported 
in each of the samples and montmorillonite inter- 
mixed with sericite and kaolinite in one sample 
from the outer part of the ore zone. Halloysite was 
reported in one sample and its presence was sus- 
pected in several others, but positive identification 
was not possible. The kaolinite occurs in fractures 
and in the rock in amounts termed abundant to rare, 
but a quantitative amount was not established. 

Montmorillonite with intermixed sericite and 
kaolinite also was reported in samples from the 
Climax porphyry in the outer part of the ore zone on 
the Phillipson level. In a sample of Silver Plume 
granite from the Storke level adit, at a point outside 
the limit of recognized molybdenite deposition, 
montmorillonite with sericite, fine-grained musco- 
vite, and kaolinite were found in small, soft, pink to 
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white pockets as alteration products of original 
albite-oligoclase. Crystals of potash feldspar in the 
granite were comparatively fresh. 

It was suggested by Mielenz et al. that there were 
two and possibly three generations of kaolinite in 
the samples taken from across the ore zone: 1—The 
earliest occur in veinlets and as patches within crys- 
tals of orthoclase and without other associating min- 
erals and 2—as veinlets and coatings on fracture 
surfaces in association with large amounts of sericite 
and as fracture coatings intermixed with small pris- 
matic crystals of quartz. 3—The last generation of 
kaolinite occurs sparsely in veinlets with large 
amounts of anhedral quartz and small amounts of 
sericite. The second and third generations of kaoli- 
nite are later than the quartz-molybdenite veinlets. 

Sears® also reports the presence of kaolinite as 
relatively plentiful in the zone which inciudes the 
greatest concentrations of molybdenite, and out- 
ward in the less moderately altered rock. He points 
out that kaolinite occurs mainly in the granitic 
rock and recognizes two phases of argillation: “1—an 
early pre-molybdenite phase, which is confined to 
the alteration of the feldspars, resulted in the for- 
mation of allophane, kaolinite, and montmorillonite; 
2—the post-molybdenite, or late phase, occurs 
mainly as fillings in late fractures. This late phase, 
which is restricted mainly to kaolinite, cuts early 
mineralized veinlets.” 


Sericite 


Sericite occurs throughout the area of hydrother- 
mal alteration. Its principal occurrences in general 
order of age of formation are: 1—in replacement of 
plagioclase, orthoclase, and muscovite; 2—in molyb- 
denite-quartz veinlets; 3—in pyrite-quartz-topaz 
veinlets with topaz or fluorite; 4—in thin white 
veinlets with or without topaz; and 5—in the coating 
of joint surfaces. 

Small amounts of sericite in orthoclase remnants 
and between quartz grains occur in the quartz rock. 

In items 1, 4, and 5 above kaolinite is a common 
associating mineral with sericite. Sericite is not al- 
ways present in molybdenite-quartz veinlets and 
when present occurs as small shreds between crystal 
boundaries or concentrated with molybdenite at the 
outer part of the veins. Occurrence of sericite in 
pyrite-quartz-topaz veinlets is somewhat analogous 
to that in the molybdenite-quartz veinlets; it may 
occur interstitial to quartz grains or in associatien 
with the topaz and quartz. 

Sericite is a common alteration product of feld- 
spar, but much of the original and secondary ortho- 
clase in the Silver Plume granite is not associated 
with sericite. The same can be said for porphyry 
occurring in the stock. Direct invasion and replace- 
ment of biotite schist by quartz and orthoclase has 
been described; however, development of sericite in 
biotite schist also is common. First the biotite shows 
a bleaching to a muscovite, which in turn is replaced 
by a fine-grained mucovite or sericite. Remnants of 
biotite with sericite and continuous fine-grained 
muscovite or sericite with scattered remnants of 
biotite are characteristic features in thin sections of 
biotite schist from the ore zone. In the final stage of 
hydrothermal alteration, orthoclase and quartz re- 
place sericitized schist. Gradational relationships 
and, by inference, an abundance of sericite (10 to 15 
pet or more in areas of secondary quartz and ortho- 
clase) suggest the original rock was biotite schist. 

The work by Mielenz et al. had two objectives, to 
obtain direct information and to discover, if possible, 
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criteria other than direct identification to assist in 
mapping clay alteration in mine workings. Clay min- 
erals are now recognized as an important product of 
hydrothermal alteration, but discovery of reliable 
criteria for rapid mapping remains unrealized. 

Studies thus far have shown that sericite and clay 
minerals commonly occur together at Climax, sug- 
gesting a genetic relationship. They also occur sepa- 
rately. Sericite seems to have a wider distribution, 
particularly in the groundmass between veinlets. 
Some feel that clay minerals, allophane, montmoril- 
lonite, and kaolinite were formed first; however, 
Wagner (1953)” “definitely identified very finely 
divided grains of sericite associated with the kaoli- 
nite. The sericite grains are small, poorly formed and 
ragged. They range in size from 5-12 microns. The 
sericite is often missing in the thin sections as it 
apparently pulled out in preparation of the section. 
In sections that were specially prepared, the fine, 
ragged sericite is nearly always present and material 
washed from hand-specimens contained it.” 

Wagner also writes that in a later stage sericite is 
“much coarser than that in the earlier stage. The 
grains range from 100 to 500 microns in length. The 
mineral is much better formed than the earlier 
finely divided sericite and usually occurs as elon- 
gated individuals with ragged ends. The coarse 
sericite is chiefly confined to fractures and along 
grain boundaries. Molybdenite, zircon, cassiterite, 
wolframite, monazite, ilmenorutile, fluorite, topaz 
and pyrite occur along with the coarse sericite as 
fracture fillings.” 

Final conclusions as to the genesis of clay minerals 
and sericite must be deferred until more information 
is available. 

The general effect on the original rock of hydro- 
thermal alteration from the outer to the central area 
according to Butler and Vanderwilt™ has been a pro- 
gressive increase of silica and a decrease in all 
other oxides. Original rock minerals ultimately were 
replaced by fine-grained quartz rock. 

In the ore zone the alumina content has been de- 
creased as compared to unaltered granite, but the 
total orthoclase content has been increased because 
of the development of secondary orthoclase. The 
development of orthoclase may in large part repre- 
sent recrystallization, since the indicated loss of 
alumina (Al.O,) and potash (K.O) can be accounted 
for by destruction of mica. As compared with un- 
altered granite quartz increases by an amount that 
can be accounted for in large part by the quartz 
contained in the several kinds of veinlets. It is esti- 
mated that the various quartz veinlets make up 8 
to 12 pct of the volume of the rock in the ore zone. 

In the ore zone and adjoining areas muscovite, 
magnetite, and plagioclase are virtually absent and 
only small amounts of biotite remain locally in the 
schist. In the course of hydrothermal alteration 
sodium and calcium were among the first to be re- 
moved. The small amounts of calcium shown by 
analyses can be accounted for by the fluorite present. 

Elements present in substantial quantities for 
which the hydrothermal origin is clear include 
molybdenum, sulphur, and fluorine. It is believed 
that tungsten, tin, copper, lead, zinc, and iron also 
were introduced by the same hydrothermal solu- 
tions carrying molybdenum, sulphur, and fluorine. 

The writers believe that to understand hydro- 
thermal alteration at Climax it is necessary to take 
into account the broad geologic relationships, see 
Figs. 2-6. Observation of the overall area of altera- 
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tion is limited to vertical depth of only 2300 ft and 
this is confined to a horizontal area at all levels that 
is less than half the total area of hydrothermal 
alteration. In addition, erosion has removed an un- 
known height of the upper part of the alteration. 
Since it has been possible to observe in detail only 
a relatively small part of the total area of alteration, 
only tentative interpretations should be advanced. 


Significant Geologic Relationships 

Broad relationships considered well established 
include: 

1—Lack of any definite pre-Cambrian structural 
control. The Silver Plume granite and regional 
schistose structure of the Idaho Springs formation 
extend for several miles beyond the area of hydro- 
thermal alteration. 

2—In composition, size, and number porphyry 
dikes in the vicinity of the Climax molybdenite 
deposit are the same as elsewhere in the Mosquito 
Range. 

3—The Mosquito fault shows no material change 
in strike, dip, or other structure near Climax. 

4—As measured by replacement of quartz and 
orthoclase, development of clay minerals and seri- 
cite, and deposition of molybdenite, hydrothermal 
alteration is greatest in a central area and decreases 
gradually outward. 

5—-In position and form the several characteristic 
features of alteration of the Climax molybdenite 
deposit show a number of striking relationships to 
the Climax porphyry stock. 

Origin of the Climax Porphyry Stock: The south- 
westerly area of the Climax porphyry on the Phillip- 
son level was encountered first around 1934 in the 
southerly extension of 300 drift and in exploratory 
diamond drillholes directed horizontal to the south- 
west from this drift. The rock is characterized by 
quartz phenocrysts in a quartz-orthoclase ground- 
mass. Except for the quartz phenocrysts the rock 
resembles the altered Silver Plume granite. The 
quartz phenocrysts and especially the larger ones 
are aggregates of quartz grains, with random orien- 
tation suggestive of crushing and/or recrystalliza- 
tion. Similar features have been noted in thin sec- 
tions from diamond drill core from the quartz mon- 
zonite porphyry stock a few miles northeast of 
Kokomo. 

Hydrothermal alteration has affected the Climax 
porphyry in the same manner as the granite and 
schist. Original mica and plagioclase are difficult to 
find except below the 500 level in the southerly part 
of the stock. The porphyritic texture is the con- 
spicuous feature which serves to make the Climax 
porphyry a mappable unit easy to recognize, al- 
though in places the contact is difficult to establish. 
In mapping the greatest difficulty occurs in places 
where hydrothermal alteration is strong and where 
the porphyry is in contact with the quartz rock and 
pre-Cambrian granite. The boundary between Cli- 
max porphyry and schist is relatively sharp and is 
not difficult to establish. 

Vanderwilt at first favored hydrothermal origin, 
but the form of the Climax porphyry as established 
by mine development and diamond drilling led the 
authors, by 1939, to the conclusion that the porphyry 
originated as an igneous intrusion. Recently Sears” 
and Howell and Schassberger” have favored the re- 
placement origin. 

In addition to the form of the Climax porphyry 
there are other features indicative of an igneous 
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origin: 1—A fine-grained transition or chill phase, 
in which phenocrysts are absent or inconspicuous, 
is found along the margins of the porphyry. 2—The 
contact with surrounding schist and granite is rela- 
tively sharp in areas of lesser hydrothermal altera- 
tion. 3—Granite and schist inclusions are absent 
in the porphyry. 4—-There is a gradational change 
in depth to quartz-monzonite with remnants of 
albite-oligoclase and fresh biotite. 5—The rock is 
porphyrytic. 

Lack of Uniform Alteration in Porphyry Dikes: 
Certain porphyry dikes are altered as strongly as 
are the granite, schist, and Climax porphyry. 
Others contain little or no molybdenite or quartz- 
molybdenite veinlets. Pyrite-topaz-quartz, topaz- 
sericite, and sericite veinlets are present in all por- 
phyry dikes. These differences were recognized dur- 
ing the early development of the mine, and as mine 
workings advanced much time was spent in studying 
dike contacts. These studies were handicapped by 
the common occurrence of late fractures with sericite 
along or near the contact which obscured detailed 
relationships. Frozen contacts, suggestive of a post- 
mineral intrusive relationship, were noted; however, 
a small penetration of molybdenite either in small 
veins or as scattered crystals invariably was found in 
even the freshest-looking dike. Two explanations are 
offered: 1—The less altered porphyry dikes were 
intruded after the molybdenite deposition was vir- 
tually completed but early enough to permit crystal- 
lization and fracturing before the pyrite-quartz and 
topaz-sericite veins formed. 2—lIntrusion of the 
dikes just before hydrothermal alteration began 
and residual high temperatures and lack of jointing 
prevented access of the mineralizing solutions dur- 
ing early phases of hydrothermal activity. The 
writers accept the second explanation as the more 
plausible one. 


Origin of the Deposit 

The molybdenite deposit and associated hydro- 
thermal alteration were regarded by Butler and 
Vanderwilt (1933)” as strong evidence of an under- 
lying stock. Subsequent recognition of the Climax 
porphyry stock strengthens that belief. The rela- 
tionship between the Climax porphyry stock and 
hydrothermal alteration is believed to be one of 
structural control. 

Vanderwilt and King (1946)”™ listed two impor- 
tant events that preceded hydrothermal alteration: 
1—intrusion and crystallization of a quartz mon- 
zonite magma (Climax porphyry stock) and 2—in- 
jection of quartz monzonite (porphyry) dikes. The 
writers stated that the hydrothermal solutions 
penetrated the smallest fractures but did not discuss 
the solution channels and their origin. 

Ore Channels: Closely spaced intersecting joints 
and related fractures provided the porosity and 
channels for the hydrothermal solutions. The long 
and complex history of the Paleozoic era followed 
by the Laramide period of mountain building pro- 
vided ample time and opportunity for the jointing 
and fracturing. Injection of the Climax porphyry 
magma and its subsequent crystallization and cool- 
ing, with resulting contraction, would tend to pro- 
duce more fractures in and close to the boundaries 
of the stock. A slight withdrawal of the magma 
during its fluid stage also could have been the cause 
of localized fracturing. Thus there was ample oppor- 
tunity for development of joints and similar frac- 
tures to serve as channels for movement of hydro- 
thermal solutions. Replacement of rock by hydro- 
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thermal solutions seems to have provided the space 
occupied by the quartz-molybdenite veinlets and 
also produced the quartz rock and rock alteration 
found everywhere between veinlets. 

Movement of Hydrothermal Solutions: Above the 
500 level plagioclase and biotite are rare in the Cli- 
max porphyry but below this level, particularly in 
the southwesterly half of the stock, these minerals 
become common with depth. Medium-grained 
quartz monzonite with much albite-oligoclase and 
biotite was encountered in diamond drillholes 1200 
ft apart at depths 200 to 500 ft below the 500 level. 
Molybdenite concentration decreases and plagioclase 
and biotite increase in amount. The increase in 
plagioclase and biotite and decrease in molybdenite 
are regarded as indicative of less intense hydro- 
thermal alteration. It is inferred that on these lower 
levels the rising hydrothermal solutions did not 
move as freely or in as great a volume through the 
interior part of the stock as through the northerly 
and northeasterly part. On the basis of these altera- 
tion effects it is concluded that the solutions in their 
upward course spread over and around the domal 
top of the stock altering and replacing the rock. 

Although the greater movement of the hydro- 
thermal solution was upward, sufficient spreading 
or lateral movement occurred which determined the 
horizontal extent of the overall rock alteration and 
greatest concentration in areas flanking the por- 
phyry stock. 

The quartz rock represents the greatest change 
brought about by hydrothermal solutions and 
therefore the locus of the more active and probably 
the greatest movement of hydrothermal solutions. 
It is logical to suppose that quartz replacement ap- 
proaching 100 pct eventually sealed off the joint and 
fracture channels, forcing the flow of solutions and 
quartz replacement to encroach on the adjacent zone 
where the greatest concentration of molybdenite 
occurred. Under this interpretation, quartz replace- 
ment gradually advanced from the direction of 
quartz rock into the ore zone with its numerous mo- 
lybdenite quartz veinlets. Evidence of such en- 
croachment is the presence, particularly in prox- 
imity of the ore zone, of molybdenite bands and 
streaks with varying degrees of sharpness sugges- 
tive of partially replaced molybdenite-quartz vein- 
lets in the quartz rock. 

The uniform and complete replacement of the sev- 
eral rock types by fine-grained quartz rock and the 
widespread occurrence of molybdenite-quartz vein- 
lets with associated quartz-orthoclase-sericite rock 
alteration between veinlets are indicative of great 
penetration by the altering solutions. 

Rock alteration and concentration of related min- 
erals occurred in relation to a central area. No evi- 
dence could be found that the solutions favored 
strong pre-mineral fracture zones within the area 
of hydrothermal alteration, except for a few scat- 
tered barren quartz veins in the marginal area. As 
a whole, lateral outward movement of the solutions 
from the central area was limited. On the other 
hand, the large volume of introduced material indi- 
cates that considerable movement of hydrothermal 
solutions occurred in the central area. It is assumed 
that the direction of movement was upward. 

Sequence of Alteration: In the sequence given it 
is assumed that after the movement of hydrothermal 
solutions began, the intensity of rock alteration, 
including rock temperatures, increased to a maxi- 
mum and then subsided. It is believed that mineral- 
ization and rock alteration were essentially contin- 
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uous and not in intermittent periods separated by 
long intervals of time. The basis for this belief is 
1—uniformity of hydrothermal alteration, including 
the distribution of minerals; 2—the presence of ele- 
ments such as molybdenum, tungsten, sulphur, and 
fluorine; 3—overlapping in age of many minerals 
that characterize the deposit; and 4—replacement 
origin of the molybdenite-quartz veinlets. 

The earliest recognizable products of mineraliza- 
tion are the quartz rock representing a high degree 
of silicification and molybdenite-quartz veinlets with 
development of orthoclase predominating between 
the veins. An earlier phase of alteration with vari- 
ous mineral products can be inferred with some 
logic, but direct evidence is lacking. 

The presence of what seem to be relict molybde- 
nite-quartz veinlets in the quartz rock suggests a 
replacement or encroachment of the ore zone by 
quartz rock. However, the gradational changes from 
the quartz rock to the ore zone and from the ore 
zone farther outward suggest that when the solu- 
tions were bringing about complete silicification to 
form quartz rock, there occurred simultaneously the 
alteration which characterizes the ore zone and the 
surrounding marginal area. A corresponding tem- 
perature gradient decreasing from the central to 
marginal areas also is a logical supposition. 

The quartz-pyrite-topaz veins, followed by sericite 
and topaz veinlets, represent the closing phase of 
alteration. Clay minerals are common in these late 
veins, and as alteration products in the areas be- 
tween molybdenite-quartz veinlets. 


The mineral associations are grouped as follows: 
1—quartz rock representing essentially 100 pct sili- 
fication; 2—quartz-molybdenite replacement vein- 
lets with much secondary orthoclase-quartz and 
widespread pyrite, fluorite, sericite and clay-min- 
erals in the areas between veins; 3—quartz-pyrite- 
topaz veinlets as fissure filling, with minor quantities 
of chalcopyrite, galena, sphalerite, monazite, cassi- 
terite, hubnerite, and fluorite; and 4—sericite and 
clay minerals, chiefly kaolinite, in late veinlets with- 
out recognized wall rock alteration. 


If a given horizontal level is considered, each 
group was being formed simultaneously. However, 
while rock temperatures were rising and intensity 
of hydrothermal activity was increasing the sericite 
and clay minerals probably formed first and exclu- 
sively in the extreme marginal areas. During this 
phase group 3 would advance onto group 4, group 2 
onto group 3, and group 1 onto group 2. During 
the period of subsiding hydrothermal activity the 
encroachment of one group by the other would tend 
to be in the reverse order. Thus sericite and clay 
minerals formed early in the marginal areas and 
late in the veinlets in the more central areas. 

Comparison with Porphyry Copper Deposits: The 
relationship of rock alteration at Climax to dissemi- 
nated copper deposits, notably the deposits at Ely, 
Nev., and Bingham, Utah, was pointed out by Butler 
and Vanderwilt (1933)." Schwartz (1947)” lists 
four types of mineralization in porphyry copper de- 
posits, three of which suggest similarity with hydro- 
thermal alteration at Climax; 1—quartz-orthoclase, 
2—quartz-sericite-pyrite, and 3—sericite-argillic. 
His fourth type, biotite, has not been found at Cli- 
max, although it is conceivable that the biotite 
found in a few deep diamond drillholes is secondary 
rather than primary, as described earlier. 

At Climax orthoclase with quartz predominates 
over sericite-argillic alteration where the greatest 
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concentration of molybdenite occurs. The closing 
phase of alteration was marked by quartz, pyrite, 
topaz, sericite and argillic minerals. 

Other common relationships include: 1—prox- 
imity to a strong regional structure, 2—an intimate 
relationship of Tertiary porphyry intrusions ranging 
in composition from granite to monzonite and quartz 
monzonite, 3—permeability of the general host rock 
made possible by intersecting sets of closely-spaced 
joints, and 4—extensive hydrothermal alteration 
characterized by relatively uniform deposition of 
similar mineral suites over large areas. 

These common features are of ‘particular interest, 
since molybdenite is a characteristic accessory min- 
eral of the porphyry copper deposits and copper 
is a minor accessory mineral in the Climax molyb- 
denum deposit. 
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Chuquicamata Develops 


Better Method to Evaluate 


by Glenn C. Waterman 


HE diamond drill is a very important tool in ex- 

ploration and development testing and its use is 
increasing. In almost all cases results of diamond 
drilling are analyzed on the basis of grade and tons. 
A proper evaluation of core and sludge assays is 
important if drilling results are to be acceptable as 
a basis for geologic and engineering appraisal. The 
relatively wide variation in assay averages as cal- 
culated by various well-known combining methods 
indicates that the engineering choice of a method 
may affect the outcome of the drilling in terms of 
ore and waste. 

The problem of combining assay results from core 
and sludge samples has been discussed many times 
in conference and in the literature.“ Most writers 
agree that the field of disagreement in methods is 
large and that the engineer on the job must consider 
features unique to his drilling, pick one of several 
combining methods, and depart from the rules when 
abnormal results come in. All the discussion to date 
can be summed up by the admission that as yet there 
is no fairly simple, generally acceptable combining 
method that is practicable over a wide range of drill- 
ing conditions, ground conditions, and ore occurrence. 

The combining problem is important in evaluating 
drilling results at Chuquicamata. Recently a re- 
appraisal has been made of recovery variables and 
their effect on assays, with the result that a new 
combining method is offered which fits average drill- 
ing conditions and is mathematically reasonable. It 
is simple in application, fundamentally correct, and 
an improvement over most combining methods. 

At Chuquicamata diamond drillholes are used to 
outline the grade and position of blocks of normal 
and marginal grade oxide, mixed, and sulphide ore. 
Most holes penetrate all classes of material (and 
waste), and it is important for mining programs as 
well as ore reserves to know almost precisely the 
soluble and insoluble copper content of mineralized 
ground. At present three classes of ore are mined 
and treated differently. For an orderly sequence of 
mining operations which can provide regular daily 
tonnages of all three ore types and keep grade at 
certain levels with minimum variation, ore type and 
its grade must be predicted. Diamond drilling plus 
geologic mapping and bench sampling are tools for 
prediction. And drilling data are largely used to cal- 
culate grade of material more than a few meters 
away from bench faces. 


G. C. WATERMAN, Member AIME, is Chief Geologist, Chile Ex- 
ploration Co., Chuquicamata, Chile. 

Discussion on this paper, TP 3965A, may be sent (2 copies) to 
AIME before March 3, 1955. Manuscript, Oct. 20, 1954. Chicago 
Meeting, February 1955. 
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Core Drill Sludge Samples 


The orebody at Chuquicamata’ is criss-crossed by 
millions of barren or mineralized weak to fairly 
strong slips and fault fissures. Mineralization is di- 
verse and encompasses many quartz and oxide or 
sulphide-bearing copper veins, as well as seams and 
disseminated grains. Copper occurs in oxide or 
sulphide minerals or mixtures of these two mineral 
types. Rock conditions vary from intensely seri- 
citized (soft and porous) through clay-altered 
ground to almost fresh granodiorite. The result is 
an orebody which offers many obstacles to good and 
consistent core recovery in diamond drilling. Re- 
covery varies considerably in the several alteration 
zones, the various types of oxide and sulphide ores, 
and the position and inclination of the drillhole 
within the complex fracture pattern. As core re- 
covery drops sludge samples must be used with core 
samples to calculate grade. 

Many years of drilling at Chuquicamata indicate 
that in good grade oxide zones and in the sulphide 
areas core recovery is good and the ground uni- 
formly mineralized. Moderate loss of core, therefore, 
does not markedly affect grade calculations based on 
core assays. An early core-sludge combining method 
used core assays at face value as indicating grade 
down to 50 pct core recovery, but below this re- 
covery percentage sludge samples were used and 
weighted according to the standard Longyear chart. 
This method apparently did not introduce serious 
errors, but it abruptly used sludge assays with high 
weighting factors representing 100 pct return ir- 
respective of actual percentage of sludge recovered. 

Recent drilling activities have been directed to- 
ward outlining the marginal ore areas. The non- 
uniform mineralization and generally poorer core 
recovery in such ground indicated that a more exact 
core-sludge combining method was required to 
equate wide differences between core and sludge 
assays and recovery. In fringe ore areas at Chu- 
quicamata core recovery averages about 50 pct, from 
a minimum of 10 to 15 pct to a maximum of 100 pct. 
Sludge recovery is likewise variable and averages 
perhaps 80 pct even though holes are cemented as 
water return falls off. 

In a homogeneously mineralized area cut by many 
slips and faults, with hard and soft ribs, loss of core 
is loss of ground which has a grade similar to that 
of core recovered, and core assays approximate true 
grade. In this case sludge samples need not be used. 
However, it would be unusual to know beforehand 
that an area is uniformly mineralized, and in fact 
this condition is probably uncommon. Generally the 
distribution of valuable minerals in the ground does 
not exactly compare with their recoverability in core. 
Thus, in the usual case, loss of core decreases the 
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validity of the assay of recovered core as representa- 
tive of the entire run. 

Core recovery depends on the nature of the 
ground being drilled, the type of equipment used, 
the skill of the operating personnel, and the cost 
that management will bear to improve core recovery 
technique. In a normal drilling job, there are fea- 
tures of daily drill operation which inhibit excellent 
sludge recovery. Perfect recovery can be obtained 
only when there is complete water return, complete 
settling of all sludge pumped out, complete flushing 
of the drillhole after each run, and no pollution by 
caving or rod abrasion. Unless the job is closely 
supervised it is extremely rare to find drillers who 
will clean out each run conscientiously. It is a 
problem to settle and weigh all sludge. And it is 
uncommon in well-mineralized ground, which often 
as not is well fractured, to obtain complete water 
return. To ascertain the percentage of return, water 
pumped in and recovered must be measured con- 
stantly. When core recovery is poor, it is usually 
because the ground is soft or broken, often result- 
ing in sludge pollution by caving. All in all, when 
poor-coring ground is encountered sludge return is 
usually far from uniform. As sludge recovery de- 
parts from the theoretical, sludge assays are in- 
creasingly unreliable as indicators of true grade. 

Core and sludge assays should be combined in a 
realistic fashion whenever core recovery is less than 
100 pct. A combining method should show the 
higher or lower grade character of all unrecovered 
core, as derived from sludge samples, as long as the 
reliability of the sludge assay is not less than that 
of the core assay at any core recovery percentage. 

The basic methods of core-sludge evaluation in- 
volve combining assays by theoretical or recovered 
weights or volumes. In the weight method the 
weighting to assign core and sludge assays is pro- 
portional to weight of recovered core and sludge. 
The fundamental assumption is that reliability of 
sludge and core is proportional to percentage re- 
covered. In the volume method the theoretical vol- 
umes represented by core and sludge determine 
their weighting; the fundamental assumption is that 
at any sludge recovery percentage the sludge re- 
covered is representative of all the sludge plus the 
ground-up core. Generally the reliability of the 
sludge sample is the important unknown, introduc- 
ing variations in calculated grades as determined by 
the several methods. 

On many drill jobs core assays are considered rep- 
resentative of the grade of an entire run down to 
90, 70, or sometimes 50 pct recovery. Below this 
recovery core-sludge samples are combined on the 
basis of theoretical or recovered weights or vol- 
umes to determine the grade of the run. This is an 
illogical method. It assumes that immediately be- 
low some artificially established core recovery per- 
centage the core suddenly becomes an unrepresent- 
ative sample and must be combined with a sludge 
sample which is usually given very high weight- 
ing, even though the sludge sample was considered 
worthless at a slightly higher core-recovery per- 
centage. Consider the following examples. In example 
1, down to’ 95 pct core recovery the core sample is 
considered representative of the entire run. Below 
95 pct core recovery, sludge-core samples are com- 
bined according to theoretical volumes. 


In example 2, down to 80 pct core recovery the 
core sample is considered representative of the en- 
tire run. Below 80 pct core recovery, the core-sludge 
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Example 1 Weighting Percentages 


Core 


Recov- NX BX AX EX 

ery, Pct Core Sludge Core Sludge Core Sludge Core Sludge 
100 100 0 100 0 100 0 100 0 
95 100 0 100 0 100 0 100 0 
94 48 52 45 55 34 66 33 67 
90 46 54 43 57 32 68 32 68 
85 43 57 41 59 31 69 30 70 


samples are combined according to the theoretical 
volumes. 


Example 2 Weighting Percentages 
Cc 
mee NX BX AX EX 
ery, Pct Core Sludge Core Sludge Core Sludge Core Sludge 
100 100 0 100 0 100 0 100 0 
90 100 (0 100 0 100 0 100 0 
80 100 0 100 0 100 100 0 
79 40 60 38 62 28 72 28 72 
75 38 62 36 64 27 73 27 73 


In the first example, at BX size, core sample 
weighting is decreased from 100 to 45 pet when core 
recovery drops from 95 to 94 pct, and it is decreased 
only 2 pet more for an additional 4 pct decrease in 
recovery. In the second example the weighting as- 
signed core is 100 to 80 pct recovery; then a drop of 
only 1 pct in recovery to 79 pct drops the core 
weighting from 100 to 38 pct. A further 4 pct de- 
crease in recovery only decreases core weighting 2 
pet. This is obviously poor practice, for at arbi- 
trary limits sludge samples are abruptly given pre- 
dominant weighting and usually the sludge recovery 
is not considered in assigning the weighting. Core 
sample weighting is markedly decreased as core 
recovery drops, and it is no more than logical that 
sludge samples should be given less weighting when 
sludge recovery drops. 

If Longyear charts are used to determine weight- 
ing percentages when sludge recovery is less than 
100 pct, as is often the case, then core weighting is 
being reduced as its recovery drops but sludge 
weighting is not affected. If sludge is weighted ac- 
cording to ratio of core and sludge recovered the 
method is improved; nonetheless sludge abruptly 
receives important weighting at an arbitrary point. 

On drilling jobs where grade is important, drill 
core should be of sufficient size with respect to drill- 
hole spacing to insure that with 100 pct core re- 
covery the assay of the core is accepted as true 
grade. This means sludge assays should only be 
used to determine the grade to assign unrecovered 
core so that when combined with a core assay the 
resultant grade approximates the grade that would 
have been obtained had all the core been recovered. 
If the assay from 100 pct recovered core is com- 
bined with sludge assays, then the engineer has 
adopted the premise that the size of the core (within 
the grid of drill layout) is too small to give a rep- 
resentative sample of the ground being tested. These 
two cases require different treatment in establishing 
a combining method, for in the first case the core 
gives a representative sample and in the second it 
does not. The combining method to be described 
below deals only with the first case, when the core 
at 100 pct recovery is considered to give a true grade 
of the ground drilled. This is the situation on most 
drilling jobs. 

On the above basis there is a two-fold problem in 
weighting core-sludge samples: l—use of sludge 
assay to determine the grade of unrecovered core 
and to combine this with the core assay, and 2— 
weighting percentages to assign core and sludge 
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(voL_ A+B - assay 1) ~(VOL_B- CORE ASSAY) _ 
VOLUME A 
RECOVERED cone—< VOLUME 
VOLUME B 
Fig. 1—Diagrammatic section of drillhole. Volume A is ground-up core and sludge peripheral to it. Volume B is sludge peripheral 


to recovered core. Assay 1 is sludge assay from laboratory. Assay 2 is adjusted sludge assay, or grade of ground-up core. 


assays as the percentage of recovery is less, or (in 
sludge) greater than the theoretical. 

If 100 pct core is considered a representative sam- 
ple, then any percent of core recovered is a truly 
representative sample of that percentage of the run. 
Thus at 10 pet core recovery, for instance, the assay 
of this core should receive at least a 10 pct weight 
when combined with sludge samples. If the sludge 
recovery is perfect, then the core should receive 
10 pet and the sludge 90 pct weighting. This means 
a core sample should receive at least a weighting 
percentage equal to its recovery percentage and that 
the sludge sample should receive a maximum weight- 
ing of 100 pct minus weighting assigned the core 
sample. The sludge sample is thus weighted to cor- 
respond to the unrecovered core and the sludge assay 
must be adjusted so it represents only the lost core. 

At 100 pct core and sludge recovery, the in-place 
volumes of core and sludge in BX and NX holes are 
approximately equal. AX holes show a core-sludge 
volume ratio of 36 to 54 and EX holes a ratio of 
35.5 to 64.5. If at any core size 100 pct core gives 
a representative sample then in all cases the theo- 
retical sludge volume is equal to or greater than the 
core volume. This suggests the sludge peripheral to 
core should have a similar grade, and at 100 pct 
sludge return it should have an assay similar to 
that of the core, as it contains an equal or greater 
amount of material and the smaller or equal core 
volume is considered to yield a representative sam- 
ple. It can be considered, therefore, that the sludge 
sample is made up of two parts: 1—a percentage 
which is peripheral to recovered core and which has 
a grade similar to the core grade, and 2—a percent- 
age made up of unrecovered core and material 
peripheral to it, both of which have similar grade. 

It is desired to combine the assay of the recovered 
core with a grade of sludge which corresponds to 
the grade of the unrecovered core. To have the sludge 
grade represent the grade of unrecovered core it is 
necessary to deduct from the assay of all the sludge 
a total volume which represents the sludge periph- 
eral to recovered core and assign to this portion of 
the sludge a grade equal to the core grade. It can 
then be considered that the remaining sludge, with 
its new adjusted grade, is equal to the grade of the 
unrecovered core because it is made up of the lost 
core and sludge peripheral to it, both of which have 
similar grade. 

The formula in Fig. 1 shows the method of adjust- 
ing the sludge grade as outlined above. The step 
outlined requires that as sludge assays come in from 
the laboratory they must be adjusted to give a grade 
corresponding to the presumed grade of the lost core. 
In as much as the amount of adjustment varies ac- 
cording to the core size, the percent of core recovery, 
and the ratio between the core and sludge assay, a 
simple adjustment is impossible. On the basis of 
theoretical volumes of core-sludge for BX holes and 
the recovery and ratio variations, the chart in Fig. 2 
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has been constructed. This gives adjusted sludge 
grades for any core recovery and most sludge/core 
assay ratios. Similar charts can be constructed for 
other hole sizes. If the adjusted sludge grade is to 
be determined by use of the chart, Fig. 2, laboratory 
assays, percent of core recovery, and ratio of sludge/ 
core assay must be known. Core recovery percent- 
age is found by measurement of core length. The 
ratio figure is obtained by dividing the core assay 
into the sludge assay. 

Percentages of core recovery are plotted along the 
upper left edge of the chart. The adjusted sludge 
assay is found by tracing the vertical core recovery 
percentage line to its intersection with the curving 
sludge/core ratio line. This point is carried hori- 
zontally to the right to an intersection with the diag- 
onal line representing the sludge assay. This new 
intersection is carried up vertically to the top of the 
chart to figures representing the adjusted sludge 
grades. 

If the intersection of the core recovery line and 
the sludge/core ratio curve is at the top line of 
the chart, the adjusted sludge assay is zero. This 
means all the valuable material represented in the 
sludge assay can be attributed to the sludge periph- 
eral to recovered core. In certain cases the inter- 
section point will fall above the top line of the 
chart. These cases represent an impossible situation, 
i.e., the sludge assay is too low to permit a calcula- 
tion of an adjusted sludge grade, or stated differ- 
ently, there is not enough valuable material reported 
in the sludge assay to satisfy the condition that the 
grade of sludge peripheral to recovered core is the 
same grade as that core. This situation can be caused 
by several variables: 1—The sludge peripheral to 
recovered core is lower grade than that core. 2—An 
important percentage of the valuable mineral in the 
sludge has been lost. 3—The sludge sample, polluted 
by lower-grade material, is not representative. 

When the intersection point falls on or immedi- 
ately above the top line of the chart, Fig. 2, the 
figure 0 is used for the adjusted sludge grade. When 
the intersection rises a greater distance above the 
top the sludge sample is eliminated as wholly 
unreliable and the assay of the recovered core is 
used as the best figure available to represent the 
grade of the run. The chart mathematically elim- 
inates sludge samples that are worthless even though 
sludge recovery percentage indicates the sample 
should be good. These cases are not rare in caving 
ground where water return falls off, because often 
the loss of sludge and valuable mineral from the 
interval being drilled is made up by pollution from 
higher in the hole. This elimination feature of the 
chart, Fig. 2, is of great value because it shows up 
unreliable sludges which otherwise might be com- 
bined with good core assays to give wholly erroneous 
combined grades. 

At Chuquicamata, where assay reports show 
soluble, insoluble, and total copper, the oxide ore 
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Fig. 3—Portion of geometric combining chart for core and 
sludge assays based on recovery percentages. Top figure in 
each box is core weight factor. 


normally shows low insoluble and the sulphide ore 
low soluble copper. Assay results for these low 
figures on core and sludge samples normally give 
good checks, but because the percentage variation 
may appear high, the sludge/core ratios may show 
“an impossible situation.” It has been found much 
better to use the two highest assay figures of the 
three submitted to determine the sludge/core ratio 
needed to use the chart, Fig. 2. 

In the case of 100 pct sludge return, the adjusted 
sludge grade as derived from the chart is combined 
with the core assay to determine a grade for the run. 
This simple calculation is as follows: 


Combined Grade = 
[CA - Pct CR] + [ASA - (100 Pct-Pct CR) ] 
100 Pet 


CA is core assay. Pct CR is the percent of core 
recovered. ASA is the adjusted sludge assay. 

The above discussion and method of combining 
core-sludge samples is applicable to situations when 
there is 100 pct recovery of the sludge. It provides 
a starting point from which to consider the more 
usual situations when sludge return is less or more 
than theoretical. 

It is extremely unlikely that as sludge recovery 
decreases the amount recovered will contain the 
same proportion of valuable (usually heavy) par- 
ticles as would be found in the theoretically perfect 
return. As water is lost and sludge return diminishes, 
the heavy particles tend to follow the water into 
areas of reduced velocity. Thus in many cases, as 
sludge recovery percentage decreases, the assay of 
the recovered sludge is progressively lower in grade 
compared to the sludge lost. 

At Chuquicamata an incomplete statistical study 
of drillhole assays in oxide and sulphide ore shows 
that there is a decrease in sludge grade compared to 
core grade (at excellent recovery) as soon as sludge 
recovery drops below 100 pct. As sludge recovery 
continues to decrease the percentage drop in grade 
is less but the assays are less and less reliable. The 
tabulation also shows that the percentage drop in 
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sulphide ore is greater than in oxide ore. This ‘is 
reasonable, as the specific gravity of sulphide par- 
ticles is higher, and the increasing amount of mate- 
rial which is lost as sludge recovery drops contains 
larger percentages of the heavier and much more 
cupriferous particles. 

Statistical evidence that sludge samples lose grade 
at below 100 pct recovery when compared to core 
samples indicates that calculations of combined grade 
using sludge samples with less than 100 pct return 
will yield combined grades which are low. The im- 
portance of this low combined grade as affecting ton- 
nage and grade calculations depends on the percent- 
age of sludge assays used in establishing grade and 
the average percentage of sludge recovered. In as 
much as sludge sample weighting is decreased as 
recovery drops off, the effect of lower grade sludge 
samples is minimized. That a combined core-sludge 
grade is a little less than might be expected if all 
the core had been recovered and the grade based 
thereon is a good feature; it gives a margin of safety 
on the low side which is somewhat proportional to 
the uncertainty attached to using sludge samples at 
less than perfect return. At Chuquicamata, because 
of the above factors, it is estimated that the overall 
drill grades may be 1 pct lower than actual grade, 
but this is not considered a bad feature. It is better 
to err on the low side than on the high side. 

A complete statistical study could be made at 
Chuquicamata to predict a probable percentage drop 
in grade as sludge recovery decreases, and this in- 
formation could be incorporated in sludge assay 
evaluation. But this would assume that average con- 
ditions were uniformly operative and would mask 
the markedly different variations encountered in 
different parts of the orebody. It would also intro- 
duce into a general method of core-sludge evalua- 
tion a local condition which would not be applicable 
at other properties. 

It is quite possible that at certain properties re- 
liable statistics would show definite trends of sludge 
grade as recovery dropped. Such data could be used 
to modify a sludge grade prior to use of the chart in 
Fig. 2. If, for instance, data indicated that at 90 pct 
sludge recovery the sludge assay is 5 pct lower than 
it would have been at 100 pct recovery and at 80 pct 
recovery it is 8 pct lower, etc., then the sludge assay 
grade could be increased to simulate the grade that 
would have been obtained had recovery been 100 
pet. This new sludge grade could then be used to 
calculate a sludge/core assay ratio to determine an 
adjusted sludge grade by use of the chart. 

On a drill job in a new area, there would be no 
information available with which to determine varia- 
tion in sludge assays with recovery. At the conclu- 
sion of the job an analysis of core-sludge grades 
could be made to yield information which might be 
used to correct combined grades that had been deter- 
mined previously. 

All information strongly suggests that as sludge 
recovery decreases the sample is less and less re- 
liable. If this is recognized as a fact, then the weight- 
ing to assign sludge samples should not be in pro- 
portion to percentage recovered but should decrease 
at a faster rate than decrease in percentage return. 
It is believed that a geometric progression almost 
exactly expresses the relation between sludge re- 
covery and sample reliability. For this reason it is 
assumed that as sludge recovery drops the sample 
loses validity geometrically. No amount of calcula- 
tion can make a good sample out of a poor one, but 
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Figs. 4-7 (reading left to right). Fig. 4—Chuquicamata sludge splitter consists of removable top plate with 1%4-in. holes and a 
lower plate with Y-in. holes which discharges into the sludge box or into troughs leading outside the box. Fig. 5—View of sludge 
box showing weirs and sludge splitter. Fig. 6—View of discharge end of sludge box showing decanting plugs, removable bottom 
plate, and metal box used to catch sludge and cloudy water. Fig. 7—Vacuum filter used for drying sludge. At left is metal tube 
used for transport and measurement of dried sludge. 


the poorer sample can be given less weighting and and 100 pct sludge recovery the weighting factors 


thus used in proportion to its reliability in establish- are: 1—core pct recovery, and 2—sludge 100 —core, 
ing a combined grade. recovery percent. As sludge recovery drops off sludge 

One other factor of importance is the reliability weighting is decreased geometrically to the point 
of core and sludge samples at similar recovery per- where core and sludge recovery percentages are 


centages. If sludge samples at 100 pct return are equal. Below this percent of sludge recovery the 
disregarded at 100 pct core recovery, it follows that sludge sample is considered less reliable than the 
the sludge sample is considered less reliable. Thus, core sample and is not used. 

in cases when sludge recovery is less than core re- To use the chart in Fig. 3 it is necessary that per- 
covery, the former samples should be disregarded centage of sludge recovered be known. On many 
for grade determination. This means that a core drill jobs, sludge settling is by means of barrels 
sample representing 50 pct recovery is closer to the wherein practically all the sludge that comes out of 
true grade of the run than a sludge sample of 40 pct a hole is recovered. A measurement of the sludge 
recovery, and to combine the sludge sample with volume or weight will give the percentage recovered 


the more reliable core sample is to introduce serious when core recovery is known. 
error in the calculated grade of the run. At Chuquicamata practical considerations in drill- 
Core-sludge combining factors have been calcu- ing from mining benches with limited room and 


lated for any combination of core-sludge recovery usually a short allotted drilling time preclude the 
on the basis of several logical assumptions: 1—The use of a complex sludge-settling system. To facilitate 
sludge sample loses reliability geometrically as sludge speedy, accurate sludge recovery, metal sludge boxes 
recovery drops. 2—The sludge sample should not be having sludge splitters at the upper end are used, 
used if the percentage of sludge return is less than Figs. 4, 5, and 6. These boxes have overflow weirs 
the percentage of core recovered. 3—A core sample and decanting plugs, and a box is able to hold all 
should receive a weighting at least equal to the per- the water and sludge from a standard 1.5 meter run 
centage of core recovery. The geometric chart, Fig. at the predetermined sludge split. Settling time is 
3, for combining core and sludge assays based on provided by use of several boxes. Clear water is 
recovery percentages is derived from the geometric decanted and remaining cloudy water and sludge 
progression formula L = AR“, where L is the last drawn off, dried in vacuum filters at the drill rig, 


term of progression, A the first term of progression, and placed in standard metal tubes open at one end. 
R the geometric ratio, and N the number of terms in A vacuum filter is shown in Fig. 7. 

progression. The chart in Fig. 3 gives the core re- To determine the percentage of sludge recovered, 
covery in terms of percentage and centimeters re- the height of sludge in each metal tube is measured 


covered on the left side and percentage of sludge in centimeters, the length of core recovered is 
recovered across the top. At any given core recovery measured, and these two measurements are used 
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The Core-Sludge Combining Method 


Primary Data: 

1—BX core, standard 1.5 meter runs. 

2—Core recovery 35 pct (by measurement of 
core length). 

3—Sludge recovery 80 pct (by measurement of 
height of sludge in metal can and use of 
chart in Fig. 8). 

4—Core assay: 2.50 pct insoluble cu., 0.50 pct 
soluble cu. 

5—Sludge assay: 1.90 pct insoluble, 0.75 pct 
soluble copper. 


Step 1. Determination Adjusted Sludge Assays 
For the insoluble copper in the assays the ratio 


1.90 
of sludge assay/core assay is or 0.76. 
2.50 
For the soluble copper in the assays the sludge/ 
0.75 
core ratio is or 1.50. 
0.50 


By use of Fig. 2 for insoluble copper, the inter- 
section of the 35 pct core recovery line with the 
0.76 ratio curve is carried horizontally to the 
sludge assay grade of 1.90 pct. Vertically above 
this intersection is the adjusted sludge insoluble 
grade of 1.77 pct. 

By use of Fig. 2 for soluble copper, the 35 pct 
core recovery line is traced downward to its 
intersection with the 1.5 ratio curve, this inter- 
section is carried to the right to the sludge assay 
curve of 0.75 pct, and the adjusted sludge soluble 
grade of 0.81 pct is found vertically below. 


Step 2. Determination of Core-Sludge Weighting Factors 
By use of Fig. 3, the 80 pct sludge-recovery 
block is traced down to its intersection with the 
34 or 36 pct core recovery block and the 35 pct 
core recovery percentage visually interpolated. 
The weighting factors are 48.5 pct for core and 
51.5 pet for sludge. 


Step 3. Calculation of Combined Grade 
The core assays of 2.50 pct insoluble and 0.50 
pet soluble are given a weighting of 48.5 pct 
and the adjusted sludge assays of 1.77 pct in- 
soluble and 0.81 pct soluble, a weighting of 51.5 
pet; the combined grade for the 1.5 meter run 
is 2.12 pct insoluble and 0.66 pct soluble copper. 


with the chart in Fig. 8. This chart gives the percent 
of sludge recovered for BX holes at standard 1.5 
meter runs for a 1/3 sludge split discarded at the 
head of the sludge box. Similar charts can be con- 
structed for any hole size, method of sludge measure- 
ment, and amount of sludge discarded. 

In some cases sludge recovery percentage is higher 
than the theoretical. It is inaccurate to consider a 
weighting factor greater than 100 pct because as 
sample volume is increasingly larger than the theo- 
retical, the sample obviously has been contaminated 
and its validity is less than a sample representing 
100 pct recovery. It is believed that as sludge re- 
covered increases above 100 pct the samples lose 
reliability at the same rate as do the samples that 
decrease in recovery below 100 pct. Thus a sludge 
sample of 120 pct return is as reliable as a sample 
of 80 pct return and both should receive the same 
weighting. To determine a sludge recovery percent- 
age usable with the chart in Fig. 3 for samples hav- 
ing more than 100 pct recovery, the excess percent- 
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age over 100 is subtracted from 100 and the new 
figure used to represent the sludge recovery. 

The Chuquicamata core-sludge combining method 
is very simple to use. The core recovery and sludge 
recovery percentages are determined as described 
above. When the assays come in, the sludge/core 
ratio is calculated and an adjusted sludge grade 
found by use of the chart in Fig. 2. This adjusted 
assay is combined with the core assay on the basis 
of core-sludge recoveries, by use of the chart in Fig. 
3. A typical example, left, illustrates this system. 

To simplify the calculations as well as leave a 
permanent record of all data, a form has been de- 
veloped on which are placed all recovery percent- 
ages, assay grades, ratio numbers, adjusted grades, 
weighting factors and combined grade. With this 
form and an automatic calculator having cumulative 
multiplication the calculations are easy. 

For purposes of comparing the Chuquicamata 
combining method with several well-known meth- 
ods, two recent oxide and sulphide ore runs at 
Chuquicamata are given in Table I. Table II shows 
the variations in combined assays as calculated by 
the several methods. 


Table 1. Comparison of Data for Two Ores Run at Chuquicamata 


OXIDE ORE, 1.5 Meter Runs 


Core Core Assay Sludge Assay 
Recov- Solu- Insolu- Sludge Recov- Solu- Insolu- 
ered, Pct ble ble ered, Pct ble ble 
44 0.46 0.39 81 0.72 0.13 
50 1.12 0.35 67 0.72 0.10 
58 2.42 0.21 95 1.35 0.10 
57 0.95 0.22 102 i3t 0.10 
61 0.30 0.23 73 0.95 0.11 
80 15h 0.23 48 0.98 0.12 
64 1.18 0.13 115 1.05 0.12 
83 1.24 0.28 91 1.07 0.10 
Average q5) 0.26 1.02 0.10 
SULPHIDE ORE, 1.5 Meter Runs 
33 0.05 0.99 54 0.08 1.02 
17 0.13 1.44 50 0.12 0.97 
24 0.18 2.00 52 0.14 0.99 
32 0.01 1.74 90 0.16 1.10 
60 0.09 1.90 103 0.11 1.85 
Average 0.08 1.61 0.12 1.19 


In a comparison of the combined grades and aver- 
ages shown in Table II with the original assay data 
in Table I, it is pertinent that the spread of 0.06 
soluble and 0.06 insoluble between the various com- 
bined averages for oxide ore is almost 50 pct of the 
spread in the original assays as shown by a numerical 
average. This important variation indicates that some 
of the calculation methods must be poor if others 
have any merit. The sulphide ore run shows a spread 
of 0.42 insoluble in the average of the original assays 
and 0.27 insoluble in the various combined core- 
sludge grades. This large spread, from an average 
close to the sludge average to close to the core 
average, indicates combining methods lean toward 
the sludge or toward the core assays, and that one 
of the important fundamental questions to answer 
in determining the merit of a combining method is 
the validity it assigns to core-sludge samples as 
their recoveries drop. 

The maximum percentage spread between the 
various averages of combined grade is 5.4 pct for 
soluble copper in oxide ore and 20.0 pct for insoluble 
copper in sulphide ore. Often this amount of varia- 
tion in assay averages will make the difference be- 
tween ore and waste. Certainly the combining prob- 
lem is an important one if the accuracy of pencil 
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Mining Hydrology Problems in the Birmingham 
Red Iron Ore District 


by Thomas A. Simpson 


HE Birmingham red iron ore district in Jeffer- 

son County, north central Alabama, Fig. 1, is 
bounded on the northwest by the Warrior and Pla- 
teau coal fields and on the southeast by the Cahaba 
and Coosa coal fields. The area of study includes 
the ridge and valley between Red Mountain and 
Shades Mountain, Fig. 2, approximately 70 square 
miles extending from Homewood in the northeast 
to Greenwood in the southwest. 

The district is one of the most important pro- 
ducers of hematite in the United States, with an 
annual production of about 7 million tons." The 
amount of hematite mined between 1870 and 1950 
ranged from 6 to 16 pct of the nation’s total annual 
production,’ and the iron and steel products from 
blast furnaces in the Birmingham district supply 
the entire southeastern section of the country. 

Most of the mining in the Birmingham district is 
from slope mines along the outcrop of the ore on 
Red Mountain, such as Red Ore, Muscoda, Spaul- 


T. A. SIMPSON is a Geologist, Ground Water Branch, U.S. Geo- 
logical Survey, University, Ala. 

Discussion on this paper, TP 39561, may be sent (2 copies) to 
AIME before March 31, 1955. Manuscript, June 14, 1954. New 
York Meeting, February 1954. 

Publication of this paper is authorized by the Director, U.S. 
Geological Survey. 


ding, and Sloss. The Pyne and the Shannon are the 
shaft mines of the area. The Shannon mine of Re- 
public Steel Corp., in the central part of the area 
under study, is in Shades Valley at the foot of 
Shades Mountain. The Pyne mine of Woodward Iron 
Co. is 2 miles east of Readers Gap in Shades Valley. 

The hydrology problem has become more preval- 
ent as mining in the area has progressed downdip. 
An extensive exploratory diamond drilling program 
is necessary to determine areas where water pres- 
sures and abnormal flows are excessive. This oper- 
ation, added to higher pumpage rates, has greatly 
increased the costs of ore extraction. 

In November 1952 the U. S. Geological Survey 
began a detailed study of occurrence and movement 
of ground water in the iron mining areas of the 
Birmingham district. The study is a part of a small- 
scale but nationwide program to develop data that 
will be of help to the mining industry in solving 
mine water problems. 

The area of the study, in the Ridge and Valley 
province of the Appalachian system, Fig. 1, is a 
series of alternate ridges and valleys trending 
northeast. The principal ridges are Red Mountain, 
altitude about 1000 ft, and Shades Mountain, about 
1100 ft. Shades Valley is between these two ridges, 
and its lowest point is about 480 ft. Shades Moun- 
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Fig. 1 (left\—Map of Alabama shows physiographical provinces and area of study. Fig. 2 (right)—Area of mining-hydrology study. 
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Table |. Geologic and Hydrologic Description of Paleozoic Rock Formations in the Birmingham District’’ 


Lithology 


Water-Bearing Properties 


Conglomerates, shales, and sandstones, 
dark gray to brownish, thick-bed- 
ded; coal seams. 

Shale, massive, interbedded with hard 
sandstone layers. 

Shale interbedded with chert and pink 
shaly sands. Grades into Floyd shale 
to southwest. 

Shale, dark bluish-gray, soft, fissile, 

with layers of silty sandstone. 

Limestone, bluish, coarsely crystalline, 
thick-bedded. 


Sandstone, brown to white, fine to me- 
dium-grained, quartzose, locally fri- 


Shales, gray to bluish, with thin sand- 


Limestone, bluish-gray, coarsely crys- 
talline, fossiliferous, cavernous. 

Chert, massive, iron and manganese 
stained bands, cavernous. 

Shale, black to purple colored, dense, 
fissile. 
Sandstone, yellow to reddish-brown, 
fine to medium-grained, ferruginous, 

well-cemented. 

Shales, limestones, sandstones; charac- 
ter varies from place to place; con- 
tains four iron ore seams of com- 
mercial importance. 

Limestone, grayish-colored, fine- 
grained, fossiliferous. 

Dolomite, fine-grained, nodules of brit- 
tle compact chert. 


Dolomite, dove to flesh-colored, me- 
dium-grained, massive. 


Thickness 
System Formation Ft 
Pennsylvanian Pottsville 2600 to 7000 
formation 
Mississippian Parkwood 2 
(Carboniferous) formation 
Pennington 30 to 300 
shale 
Floyd shale ‘To 1000 
Bangor 100 to 300 
limestone 
Hartselle 75 to 100 
sandstone able. 
Gasper 100 
formation stone beds. 
Warsaw 100 
limestone 
Fort Payne 100 
chert 
Devonian Chattanooga 0 to 2 
shale 
Frog Mountain 0 to 22 
sandstone 
Silurian Red Mountain 200 to 300 
formation 
Ordovician Chickamauga 250 
limestone 
Cambrian and Copper Ridge 2000 
Ordovician dolomite 
Ketona 
dolomite 400 to 600 
Cambrian Conasauga 1900 
limestone 


Limestone, dark blue-gray, massive, 
locally thin-bedded and shaly. 


Poor aquifer; wells of reportedly low 
yields. 


Many domestic wells developed in 
sandstone and shales. 

Many domestic wells of low yield; 
water highly mineralized. 


Many domestic wells of low yield; 
water highly mineralized. 

Linked with two underlying forma- 
tions to form one of best aquifers in 
area. 

Locally one of the best aquifers in 
area 


Good aquifer locally, but grades into 
massive shales to southeast. 

Good aquifer in weathered zone. Well- 
developed joint pattern. 

Good aquifer; lime weathers readily 
in weathered zone. 

Impervious. Probably absent from 
area. 

Too thin to be an important aquifer. 


Poor aquifer, occasionally furnishes 
good water supplies if not contami- 
nated. 


Too thin to be of importance as water 
producer. 

Good aquifer; several wells yielding 
150 gpm reported developed in 
dolomite. 

Good aquifer. Wells yielding as much 
as 300 gpm reported from this for- 
mation. 

Good aquifer. Wells yielding as much 
as 300 gpm reported from this for- 


mation. 


tain, a sandstone ridge in the central portion of the 
area, bends sharply to the south, increasing the 
width of the valley from 2 miles in the northeast to 
4 miles in the southwest. 

The tilted formations of varying thickness and 
hardness were eroded by streams which formed a 
trellis-type drainage pattern. Most of the streams 
in the area dry up during periods of low rainfall. 
Some mine pumpage is emptied into streams, which 
flow continually throughout the year. 

The rocks exposed in the area are consolidated 
Paleozoic sedimentary, ranging in age from Cam- 
brian to Pennsylvanian, see Table I.** 

The water-bearing properties of the formations 
overlying the Red Mountain formation have been 
discussed in part by W. R. Crane.* A study of Table 
I shows a thickness of about 600 ft of water-bearing 
material over the ore bed. In many instances water 
has entered the mine workings along fractures and 
breaks between the Red Mountain formation and 
Fort Payne chert. 

Shades Valley is on the southeastern flank of an 
eroded assymetrical anticline that plunges south- 
west. The formations in general strike northeast 


Mountain 


Recharge , Area 


Little Shades Creek 


and dip southeast, Fig. 3. The major folding, ac- 
companied by much tearing and shearing of the for- 
mations, caused some low-angle thrust faults and 
minor fractures. They are mainly normal strike 
faults with a few tear faults, and the displacement 
of the faults ranges from a few to several hundred 
feet. The Shannon fault strikes to the northeast, 
and the vertical displacement increases from about 
150 ft in Pyne mine to 300 ft in Shannon mine. The 
Dickey Springs fault was formed by the shearing of 
an anticline at the crest. Fort Payne chert and War- 
saw limestone were brought to the surface at the 
fault approximately two miles from their outcrop 
on Red Mountain. Vertical displacement along the 
crest is about 200 ft. 

Subsidiary drag folds on the limbs and flanks of 
the major structures are common throughout the 
area. The competency of the formations differs so 
greatly that structural irregularities are frequent 
and widely encountered in mining. 

The limestones, sandstones, and shales overlying 
the ore beds have readily distinguishable joint pat- 
terns, although the joint system in one formation 
may be carried locally into the overlying forma- 
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Fig. 3—Generalized diagrammatic section showing water table and artesian conditions in the Birmingham red iron ore district. 
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tions. One major set is at nearly right angles, the 
other nearly parallel to the strike. All joints have 
an almost vertical dip. Other sets are at various 
angles, depending upon the stress at time of folding. 
The chert apparently does not have a pronounced 
joint system, although it is extremely brittle. Slip- 
page along the joint planes in the formations has 
been noted throughout most of the area. The joint 
sets contiguous to faults of high displacement have 
opened and become channels for the movement of 
ground water. Such is the case at Pyne mine where 
water pressures on the hanging wall side of the 
Shannon fault have been as high as 460 psi. 


History of Mining-Hydrology Problem 

The first record of large amounts of ground water 
in red ore mines was in 1909 at the Sloss No. 1. 
Mining operations weakened the roof support, and 
failure of the top rock brought in a flow of water 
that completely inundated the mine. The next year 
the mine was pumped out and mining operations 
were resumed. In 1932 a rock fall in Sloss No. 1 ore 
mine brought in a flow of water estimated at 4500 
gpm. The flow remained constant for nearly a year 
but eventually leveled off to about 700 gpm. 

In the process of sinking the Shannon shaft at 50° 
NW to the Big Seam in 1920 a large fault zone was 
penetrated. Water was encountered in the fault 
zone but was pumped out easily, and sinking of the 
shaft continued at a good rate. The shaft was lined 
with concrete because of the relative instability of 
the faulted ground. Further development work 
brought the working faces of several haulage slopes 
within 200 ft of the fault zone, which was 4 to 8 ft 
wide. Coreholes drilled into the face brought flows 
of pyritic mud and pebbles accompanied by hydro- 
gen sulphide gas. A pressure gage installed on one 
of the holes registered 950 psi, indicating a hydro- 
static head that came to within 300 ft of land sur- 
face. Subsequent grouting sealed off the flow and 
the fault zone was crossed successfully. New flows 
were encountered unexpectedly about 300 ft beyond 
the fault, where pressures of as much as 950 psi and 
water flows of 600 gpm were recorded.° 

Small flows of water were encountered at 30 and 
80 ft below the collar during the sinking of the 
hoisting shaft at the Pyne mine in the early 1920’s. 
The water, reported to be about 13 gpm, was han- 
dled by bailing methods and did no more than cre- 
ate a hindrance to the shaft-sinking crew. Work in 
the mine was abandoned because of economic fac- 
tors, and the shaft filled with water. 

The Pyne mine was reopened in 1941, and devel- 
opment proceeded after the shaft was pumped dry. 
Flows were not stopped in the shaft until 1945, 


Fig. 4—Equipment used to measure water level in corehole 
W-27 in Pyne mine area. 
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when a series of several diamond drillholes were 
sunk around the periphery of the shaft and grout 
was pumped in. 

Diamond drillholes that penetrated the Shannon 
fault zone had pressures ranging from 125 to 500 
psi. A new haulageway and air course were later 
driven through and about 1000 ft beyond the fault 
zone. Great amounts of water were not encountered 
in the driving operations, but water courses were 
grouted off through the diamond drillholes. Devel- 
opment proceeded to the northeast and southwest 
1000 to 1300 ft beyond the fault zone. 

A rock fall occurred in 1950 in the Muscoda mine 
of the Tennessee Coal, Iron, and Railroad Co. An 
initial estimated flow of 3000 gpm was said to have 
increased to nearly 4000 gpm a month later, but 
mining continued as the pumps handled the water. 

In April 1952 two rock falls in the Songo mine of 
the Woodward Iron Co. released about 900 gpm, and 
rock falls and water flows increased throughout the 
remainder of the year. Efforts were made to in- 
crease the pumping capacity, but on September 16 
a new fall resulted in about 2000 gpm, and it was 
obvious that the mine would become flooded even 
with the installation of new pumps. 

The dewatering of the Songo mine begun in Octo- 
ber 1952 promises to be successful. Additional 
pumps discharge an average of 4000 gpm 24 hr a 
day. The level of the water has fallen continuously, 
and dewatering is ahead of schedule. 

In the spring of 1953 a rock fall in the Red Ore 
slope mine of the Woodward Iron Co. brought in a 
small amount of water, but the flow was not enough 
to hamper mining operations. 

As increased depth is gained in mining down the 
dip, all the operators have tried grouting to impound 
flows of water. This has been successful where small 
fissures and seeps along the joint planes have af- 
forded channels for movement of ground water. The 
grout is pumped under pressure into diamond drill- 
holes, the pipe is plugged and sealed off, and when 
the cement sets it affords an effective seal against 
further circulation of ground water. 

Where dangerous water conditions exist, diamond 
drillholes 250 ft ahead of the working face are used 
to disclose the existence of water courses. If water 
is found, grout is pumped through the hole in an 
effort to seal off the flow. If the flow is stopped, ad- 
vance of the heading is started again; if the flow is 
not stopped, more holes are drilled and grout is 
again used. Should grouting fail entirely, attempts 
to advance the heading are halted and development 
work started at a different place in the mine. One 
hole took 120 bags of cement before the flow could 
be stopped. 

Pumping facilities are well placed in most of the 
mines; some of the equipment is old but in good 
condition. Sumps and booster pump stations have 
been located strategically, and many of the pump 
stations have automatic switches that require little 
attention from the operators. 

In Pyne mine, where the haulageway and air- 
course have penetrated the fault zone, a strong 
watertight bulkhead has been installed with a steel 
door that can be swung into place should a sudden 
flow of water inundate the mine. 

The attempts of the operators to impound the 
flows are only temporary measures, and to date the 
source and direction of movement of ground water 
in the area have not been fully determined. 

The study by the U. S. Geological Survey begun 
in November 1952 is planned to collect data over a 
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Fig. 5—Automatic water-level recorder installation on well 
overlying mining area. 


period of several years as an aid to understanding 
the occurrence and movement of ground water in 
the mines. 

Surface geology and drainage will be plotted on 
a base map that has been constructed from aerial 
photographs. The geologic structure is most import- 
ant as it controls the direction of flow of water in 
the ground-water basin or basins. As faulting is 
one of the most common structural features present 
in the area, a detailed study of the faulting and re- 
lated structural features will be carried out. 

A piezometric map of the area, although not com- 
plete, shows several possible ground-water basin 
areas following very closely the trends of the sub- 
surface structure. It also shows direction of move- 
ment of ground water and extent to which overlying 
formations are saturated. 

About 400 private and municipal wells and 20 
coreholes have been studied and plotted on the base 
map, which is now being compiled for publication. 
The altitude of the water table during various sea- 
sons of the year can then be observed from the 
measurement of these wells, see Fig. 4, and the 
trend can thus be used to determine the magnitude 
of recharge to the ground-water reservoirs. 

Instruments, Fig. 5, which give a continuous re- 
cord of water levels in wells have been installed on 
several key wells. The hydrographs prepared from 
data collected show daily fluctuation in water levels 
caused by pumpage, dewatering, and evapotranspi- 
ration losses. A graph from an installation on the 
southeastern slope of Red Mountain shows rapid 
recharge occurring within one to two days after a 
rain, whereas the hydrographs from wells in the 
valley show a lapse of a week or more. The extent 
of weathering of the formations downdip has not 
been determined fully, but a study will be made to 
determine the extent of this factor. At the Sloss 
mine the operators drilled 4 vertical coreholes near 
the bottom of the mine workings up into the over- 
lying formations. About 200 ft of solid chert and 
limestone were encountered in drilling the holes. 
Dependent upon the amount of cover and structure, 
there is a definite gradation of the weathered zone 
of the outcrops to a solid, dense formation. Previ- 
ous investigators place the extent of this zone ap- 
proximately 1000 ft downdip from the outcrop of 
the Big Seam. 

Flow and pressure studies are planned to deter- 
mine coefficients of storage and transmissibility of 
rock formations. Such information will be invalu- 
able to the mine operators when pump capacities 
have to be computed for continued operations. 
Pumping tests will be run to obtain more data on 
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the hydraulic properties of the materials in the 
ground-water basins. A definite problem of differ- 
ential permeability is further aggravated by the 
many lithologic changes within the formations. 

Field analyses have been made of water samples 
from more than a hundred wells and a few complete 
analyses of water samples from several of the mines. 
The field analyses include determination of pH, total 
hardness, dissolved iron, silica, chlorides, and color. 
As yet geochemical studies have not been used a 
great deal as a qualitative means of study, but they 
will be a useful tool to help determine the source of 
flow. Temperatures of the ground water have been 
taken in most of the wells and at a few points un- 
derground in the mines but give no significant clues 
as to the source of water. 

Miscellaneous experimental techniques such as 
models and the development of grouts and chemical 
seals may be used eventually. Grouting so far 
seems to have been the immediate answer to enable 
development work to continue in the mines. A com- 
plete knowledge of the overlying geologic structure 
might be a guide for the use of grout. Faulting, 
folding, and jointing are the controlling factors of 
the flow of grout. However, the advisability of 
grouting seems questionable when the main flows of 
water and high pressures are still present. The 
grout may be pooling the water or impounding it to 
such an extent that higher pressures may appear 
eventually. 

Large-scale development programs of mining op- 
erations are definitely hampered where a water 
problem exists. A thorough study of the existing 
water problem in mines further updip and under 
less cover, however, will be a benefit to the oper- 
ators for future exploitation and development. 

Field work during the present study has not de- 
veloped enough complete evidence to warrant deci- 
sive conclusions. The most that can be expected of 
the study is a practicable working solution to the 
problem to enable the operators to continue devel- 
opment work with confidence and without their 
present risk. The least to be expected is an accurate 
and careful compilation of hydrologic data that will 
be available as a reference for future years. 
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Streaming Potential Studies 


Quartz Flotation with Anionic Collectors 


by A. M. Gaudin and D. W. Fuerstenau 


N concentration of certain ores by soap flotation, 

prevention of quartz flotation is desired; the con- 
trary is true in treatment of some oxide iron ores. 
Experimental study of the flotation of quartz goes 
back at least a quarter of a century.’ Clean quartz 
does not float with fatty acids or soaps but does float 
when activated by one of many metallic salts. Con- 
trol of pH is important. 

Broadly speaking the problem of quartz flotation 
has been approached from the empirical side, as was 
the related topic of flocculation or dispersion of quartz 
suspensions.’ Empirical studies indicated the exist- 
ence of critical relationships between the additions 
of collector and activator. These additions were not 
stoichiometric for the formation of soaps of the acti- 
vator cation. For example, Gaudin and Rizo-Patron* 
found optimum quartz flotation at pH 10.6 using 
barium activation and oleate collection when the 
molar ratio of oleate to barium was 1 to 1 instead of 
2 to 1, as would be called for formation of Ba(OL).. 
Cooke and Digré* * found that if calcium is the acti- 
vator, a minimum quantity of that agent is required 
for effective flotation when the pH is 11.5. In other 
words, if the concentration of Na* exceeds 10° mols 
per liter or if the concentration of H* exceeds 10° 
mols per liter, the concentration of Ca** in solution 
required for quartz activation is increased. This sug- 
gests that H* is much more effective than Na* on 


1 
quartz, perhaps in the ratio of 0" or 10°. Sechuh- 


mann and Prakash’ studied anew the activation of 
quartz by barium, calcium, aluminum, and ferric 
iron. Salts of these metals are activators provided 
they are in stoichiometric excess over the collector 
used with them. Alkaline-earth salts are effective 
only in alkaline circuits. 

Important as they are in giving data on the effect 
of various agents on quartz, all these studies fail to 
give information on the detailed structure of the 
quartz-solution interface. A beginning in this direc- 
tion was made by Gaudin and Chang,’ who measured 
the adsorption of radioactively marked barium and 
laurate ions at quartz surfaces, and by Gaudin, 
Spedden, and Laxen,* who measured the adsorption 
of radioactively marked sodium at quartz surfaces. 
Work has also been done by Bell’ on measurement 
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Fig. 1—Schematic representation of the structure of the 
double layer and potential distribution in the double layer in 
electrolyte solutions. A, potential determining ions; B, fixed 
layer of counter ions in the Stern plane; and C, diffuse layer 
of counter ions (Gouy layer). 


of the adsorption of sodium ion and chloride ion at 
quartz-solution interfaces. 

In all these experimental measurements of adsorp- 
tion, the solid was centrifuged or filtered from the 
bulk of the liquor with which it had been associated; 
and the composition of the solid surface was ascer- 
tained by analysis, after allowance was made for the 
ionic composition of the liquor included with the 
centrifuged solids on the assumption that it is iden- 
tical to the bulk liquid. Adsorption measurements 
give only the total amount of collector adsorbed at 
the quartz-solution interface; they give no indica- 
tion of the distribution of these adsorbed ions at the 
interfacial layer. It is the ionic structure of the 
solid-solution interface and its importance to flota- 
tion that is the subject of this paper. The structure 
of this interfacial layer can be investigated by means 
of electrokinetic methods so that by combining 
electrokinetic studies with adsorption measurements, 
a more complete picture of the quartz surface may 
be obtained. The following studies were made to 
ascertain how electrolytes used in the soap flotation 
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of quartz affect the electrokinetic potential at the 
quartz-solution interface. 

Quartz is negatively charged in water and in most 
dilute aqueous suspensions.” This phenomenon is 
explained by the unsymmetrical distribution of 
anions and cations at an interface with the forma- 
tion of a double layer of ions. In this particular 
system, the anions predominate at the solid surface 
and the cations form the other part of the double 
layer in the adjacent solution. 

There are several methods of evaluating the elec- 
trokinetic potential.* Each has its advantages and 
area of applicability. Gaudin and Sun," for instance, 
used the method of electrophoresis. The present 
writers have preferred the method of streaming po- 
tentials because the experimental data involved in 
the computation of the electrokinetic potential can 
be measured with greater accuracy and facility than 
when the other methods are used. The method is 
well known to physical chemists, and details of the 
technique are given in the thesis by Fuerstenau.™ 


The Electrical Double Layer 

The modern concept of the electrical double layer, 
an outgrowth of the work of Helmholtz, Perrin, 
Chapman, Gouy, and Stern, is clearly set forth in 
the text of Kruyt.” As may be seen from the sche- 
matic Fig. 1, the electrical double layer according to 
Stern consists of three parts arranged as follows 
from the solid to the liquid: 1—the potential-deter- 
mining ions which may be regarded as part of the 
solid lattice, 2—the counter ions held directly to 
the surface in a plane called the Stern plane, which 
is but a few Angstrom units in thickness, 3—the 
counter ions which form an atmosphere called the 
diffuse or Gouy layer. In this layer, the ion popula- 
tion density decreases exponentially with distance 
from the surface. The center of gravity of this space 
charge, which is given by the Debye-Hickel theory, 
may be called the thickness of the diffuse layer. The 
thickness of the Gouy layer is inversely proportional 
to the square root of the ionic strength and is about 
1000 A thick in 10° molar solutions. 

The potential-determining ions may be regarded 
as the prime reason for the existence of the elec- 
trical double layer, the counter ions being drawn by 
electrostatic forces to maintain electroneutrality at 
the interfacial layer. The Stern layer ions are be- 
lieved held to the surface, whereas the ions in the 
Gouy layer move about freely. 

When the solution moves relative to the solid, 
shear takes place at a plane probably within one or 
two molecular dimensions from the interface. This 
plane may be assumed to coincide with the boundary 
between the Gouy and Stern layers, $, although 
there is no way of proving this experimentally. On 
this assumption, the ions in the Gouy layer are car- 
ried with the liquid. The electrical potential at the 
slipping plane (with respect to a point far out in the 
bulk liquid) is called the zeta potential ¢. 

The total potential across the double layer, com- 
monly referred to as the surface potential, wh, is de- 
termined by the concentration of potential-deter- 
mining ions in solution only.* At present it is not 
susceptible to measurement in the case of quartz. 
The zeta potential is smaller in absolute value and 
depends not only on ¥ but also on the total elec- 
trolyte concentration, the location of the slipping 
plane, and the charge distribution. 

The method depends on the interrelation of me- 
chanical and electrical phenomena at solid-solution 
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interfaces. Streaming potentials are determined by 
measuring the potential difference between the ends 
of a porous plug of particles when the liquid is forced 
through the plug. The zeta potential is given from 
streaming potential data by Eq. 1:* 

AE [1] 

€ 

in which y is the viscosity, « the dielectric constant, 
\ the specific conductance, E the streaming potential, 
and P the applied pressure difference. In aqueous 
systems at 25°C the equation becomes 


EX 
¢ = 9.69x10* Tae mv [2] 


with E, P and 2 being respectively, the streaming 
potential in millivolts, the driving pressure in centi- 
meters of mercury, and the specific conductance of 
the solution within the plug in ohms~ cm”. 

The following conditions must be satisfied if this 
equation is to be valid: 

1—The flow of liquid through the plug must be 
laminar if E/P is to be constant. Experimentally it 
was found that the streaming potential, E, is directly 
proportional to the pressure, P, up to at least 46 cm 
of mercury and that it is independent of the direc- 
tion of flow of the liquid.” 

2—The size of the pores must be many times 
larger than the thickness of the double layer. Bull 
showed that the measured value of the zeta potential 
of quartz in 2x10* molar sodium chloride solutions 
decreases rapidly as the particle size is reduced below 
163 microns.” This critical size increases for more 
dilute solutions. For this investigation 48/65-mesh 
quartz was chosen. 

3—Surface conductance should not be of import- 
ance in determining the conduction current through 
the plug and streaming potentials measured in a 
porous plug often yield erroneous results in dilute 
solutions.” It will be shown later that data obtained 
in solutions of less than 10% normality may be low. 

To calculate the zeta potential, it is necessary 
to measure experimentally the driving pressure, 
streaming potential, and specific conductance. 
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Fig. 2—Diagram of the streaming potential cell. 
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ZETA POTENTIAL IN MILLIVOLTS 


CONCENTRATION OF ELECTROLYTE IN EQUIVALENTS PER LITER 
Fig. 3—Zeta potential of quartz in solutions of four different 
electrolytes. 


The apparatus for measuring zeta potentials 
consists of the cell assembly, Fig. 2, a source of 
purified nitrogen for driving solution through the 
plug of mineral particles, manometers, and an elec- 
trical circuit for measuring E and d. For E, the elec- 
trical circuit consists of a potentiometer with a 
vibrating reed electrometer as a null point instru- 
ment. For resistances less than 1 megohm, the 
specific conductance is determined with a Wheat- 
stone bridge utilizing 1000-cycle ac, while for resist- 
ances greater than 1 megohm, a dc bridge is used, 
patterned after Gortner.” To measure the specific 
conductance of solutions with the dc bridge, the flow 
of solution must be stopped. However, measure- 
ments with the ac bridge can be made with the solu- 
tion either flowing or stopped. The accuracy of zeta 
potentials calculated from data obtained with this 
apparatus is about 0.5 pct. 

The quartz used in this research was the 48/65- 
mesh fraction obtained from crushing selected quartz 
crystals. The crushed product was leached repeat- 
edly in boiling concentrated hydrochloric acid until 
no discoloration of the acid by dissolved iron was 
observed. The quartz was washed with distilled 
water until the filtrate showed no trace of chloride 
ion. Finally the material was washed with and 
stored under conductivity water. This water had a 
specific conductance less than 7x10* ohm™ It 
was stored and dispensed in an atmosphere free of 
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Fig. 5—Effect of total ionic strength on the zeta potential 
of quartz in solutions of 1-1 valent simple electrolytes. 
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Fig. 4—Zeta potential of quartz in solutions of sodium 
chloride at different pH values. 


carbon dioxide. All inorganic chemicals were of 
reagent grade. Sodium laurate was made from a 
stock of high purity lauric acid.* 

Quartz in Conductivity Water: In this investiga- 
tion quartz particles in conductivity water were 
found to have a zeta potential of —70 mv. From 
electrophoresis experiments, the zeta potential of 
quartz in water was reported to be —44 mv by Blake 
and Whitney,” —50 mv by Freundlich,” and —36 mv 
by Gaudin and Sun.“ The experimental procedure 
for studying electrophoretic phenomena is difficult 
and interpretation of the data is uncertain. Hence, 
calculation of the zeta potential from electrophoretic 
data may not be reliable. Using the streaming po- 
tential method with a vitreous silica capillary, in 
1946 Wood reported the zeta potential of vitreous 
silica in water to be —177 mv.” 

The low values of ¢ found with quartz particles in 
water points to a defect in the experimental method. 
Using the streaming potential method, Overbeek and 
Wijga found that ¢ evaluated from plugs of pow- 
dered glass is —70 mv against —140 mv for a capil- 
lary of the same glass in conductivity water, whereas 
the two values are —98 mv and —112 mv, respec- 
tively, for 2x10* molar potassium chloride.* This 
apparent lowering of ¢ in experiments conducted 
with particles in dilute solutions has been attributed 
to the effect of so-called surface conductance in the 
plug.” * Surface conductance results from the double 
layer contributing substantially to the total conduc- 
tance in the plug. Corrections for surface conduc- 
tance cannot be made for porous plugs because the 
pore size between particles varies widely. 

Monovalent Electrolytes: From experiments with 
solutions of various electrolytes, straight lines are 
generally found if ¢ is plotted against the logarithm 
of the electrolyte concentration. 

Fig. 3 shows that in aqueous sodium chloride and 
sodium nitrate solutions ¢ increases in absolute value 
with electrolyte concentration up to about 10“* molar 
where ¢ is about —100 mv; for higher concentrations 
¢ decreases in proportion to the increase in the log- 
arithm of the concentration until 0.01 molar solu- 
tions are reached. At still higher concentrations, ¢ 
approaches zero as a limit, but does not change sign. 
The hump in the curves, which is obtained with 1-1 
valent electrolytes, results from surface conductance 
in the plug,” and the ¢ —log C curve for sodium 
chloride with correction for surface conductance 
should perhaps have the appearance of the dotted 
line in Fig. 3, with the true value of ¢ in water be- 
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ing about —150 mv. Only for experiments with solu- 
tions of total ionic strength greater than 10°“ is the 
value of ¢ correct. 

In solutions of sodium hydroxide, the zeta poten- 
tial of quartz increases in absolute value with con- 
centration to reach a maximum of —125 mv at about 
10% molar; for higher concentrations the potential 
decreases somewhat. Since there is no reason to ex- 
pect surface conductance to play a more prominent 
role in sodium hydroxide solutions than in solutions 
of other sodium salts, this observation points to a 
special function of hydroxyl ions in the system as 
compared to chloride and nitrate ions. 

As the concentration of hydrochloric acid in water 
is increased, the zeta potential of quartz changes 
continuously from negative to positive values. Ata 
hydrogen ion concentration of 1.9x10* N (pH 3.7) 
the value of ¢ is 0. The marked difference between 
hydrochloric acid on the one hand and sodium chlo- 
ride on the other suggests again that the role of 
hydrogen ions is different from that of sodium ions. 

To prove further that hydroxyl ions and hydrogen 
ions behave differently at the quartz surface from 
simple monovalent chloride and sodium ions, the 
zeta potential was measured as a function of concen- 
tration of sodium chloride at pH 10, pH 7, and pH 
3.74. The data are recorded in Fig. 4. Curve A 
illustrates the effect of aqueous sodium chloride so- 
lutions on ¢ and shows that sodium ions do not 
change the sign of ¢. Curve B shows that at pH 
3.74, sodium chloride additions do not change the 
sign or magnitude of ¢, which is only —1 mv and 
must therefore be determined mainly by the hydro- 
gen ion concentration. Curve C points out that the 
zeta potential of quartz is not affected by the addi- 
tion of sodium chloride to solutions at pH 10 until 
the total ionic strength of the solution is changed 
appreciably. 

To illustrate this more clearly, the value of ¢ is 
plotted as a function of the logarithm of the total 
ionic strength in Fig. 5. It can be seen that for a 
given ionic strength of 1-1 valent electrolyte, the 
value of ¢ is determined by the pH of the solution, 
but it can be reduced by increasing the total ionic 
strength of the solution. 

Plotting the zeta potential of quartz as a function 
of pH for different concentrations of sodium chlo- 
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Fig. 6—Zeta potential of quartz as a function of pH for dif- 
ferent concentrations of sodium chloride. 
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CONCENTRATION OF BARIUM NITRATE IN EQUIVALENTS PER LITER 


Fig. 7—Zeta potential of quartz in solutions of barium nitrate 
at different pH values. 


ride, see Fig. 6, shows that the zero point of ¢ is de- 
termined by the pH of the solution and is independ- 
ent of the concentration of sodium and chloride ions. 
Thus hydrogen and hydroxyl ions must have a 
special function at the quartz surface as compared 
to sodium ions and chloride ions. 

Barium Nitrate: Fig. 7 illustrates the variation of 
¢ with concentration of barium nitrate at different 
pH values. At pH 10, pH 9, and pH 7, the zeta po- 
tential of quartz decreases in absolute value as a 
linear function of the concentration of barium ni- 
trate and becomes positive at about 0.02 mols per 
liter. At pH 4, the value of ¢ approaches 0 at high 
concentrations of barium nitrate but does not change 
sign. These experiments show that barium ions be- 
have differently from sodium ions in that aqueous 
barium nitrate solutions can change the sign of ¢ 
at high concentration, whereas aqueous sodium ni- 
trate solutions do not. In addition, increasing the 
concentration of sodium chloride at pH 10 does not 
change the value of ¢ until the ionic strength is 
changed, whereas at pH 10 even 10° equivalents Ba** 
per liter reduce ¢. Even though barium ions change 
the sign of £, monovalent hydrogen ions change the 
sign of ¢ at a concentration 100 times more dilute 
than is required for barium nitrate. This confirms 
the special role of hydrogen ions at the quartz sur- 
face, a role which is also distinct from that of barium 
ions which do not change the sign of zeta potential 
at pH 4. 

Aluminum Nitrate: As can be seen from Fig. 8, in 
aqueous solutions of aluminum nitrate, ¢ decreases 
abruptly at concentrations exceeding 1x10° equiva- 
lents per liter and becomes positive in solutions con- 
taining 2x10° equivalents per liter. Measurements 
of pH showed that hydrolysis is present in aluminum 
nitrate solutions; possibly the quartz surface is cov- 
ered with a layer of colloidal aluminum hydroxide. 
A series of experiments run at pH 4 to prevent hy- 
drolysis shows that aluminum ions change ¢ continu- 
ously from negative to positive values; ¢ changes 
sign in solutions containing 2x10” equivalents Al*** 
per liter at pH 4. The affinity of metallic cations for 
the surface follows the order: Al*** > Ba** > Na’. 

Sodium Laurate and Sodium Oleate: Gaudin and 
Chang observed that some laurate ions are adsorbed 
in the absence of an activator.’ Since quartz does 
not float under these conditions, laurate ions are 
probably not attached to the quartz surface. To de- 
termine how laurate ions are distributed between 
the quartz-solution interface and the bulk of the 


JANUARY 1955, MINING ENGINEERING—69 


—O— UNBUFFERED SOLUTIONS 
5 pH 4 = 
2) 
=> 
= 
2 
° 
4 4 
= 
5 
a + 60)}— 
Pas 
+80 
N 
= 


CONCENTRATION OF ALUMINUM NITRATE IN EQUIVALENTS PER LITER 


Fig. 8—Zeta potential of quartz in solutions of aluminum 
nitrate. 


solution, ¢ was measured in solutions of sodium 
laurate and sodium oleate at pH 10. The experi- 
mental results are presented in Fig. 9, Curve A, 
which is a plot of ¢ as a function of the logarithm of 
the concentration of sodium chloride, sodium laur- 
ate, and sodium oleate. The data indicate that these 
three salts function in the same manner as simple 
1-1 valent electrolytes because ¢ is unaffected until 
the total ionic strength of the solution is increased 
above 10°. Since the zeta potential of quartz does 
not become more negative under these conditions, it 
can be concluded that laurate or oleate ions do not 
lie next to the quartz surface. Because of the nega- 
tive charge at the quartz surface, the counter ions 
must be cations; accordingly, the concentration of 
chloride, laurate, or oleate ions in the diffuse layer 
would be smaller than in the bulk solution. 

Gaudin and Chang’ found that the presence of 
laurate ions does not affect the adsorption of barium 
ions. The amount of barium ions adsorbed at the 
quartz surface is controlled by pH and the concen- 
tration of barium ions alone, but the adsorption of 
laurate ions is markedly affected by the presence of 
barium ions. The zeta potential of quartz at pH 10 
and pH 11.2 in solutions of 10° N barium nitrate at 
different concentrations of sodium laurate is given 
in Fig. 9, curves B and C. The maximum laurate- 
ion concentration was limited because precipitation 
of barium laurate occurred when the concentration 
of sodium laurate exceeded 3x10%* N and 4x10°* N 
at pH 10 and pH 11.2, respectively. These experi- 
mental results show that ¢ is dependent only on the 
pH and barium-ion concentration until the total 
ionic strength of the solution is changed. (Compare 
with NaCl data in curve B.) The maximum per- 
missible concentration of sodium laurate was not 
sufficient to change the ionic strength appreciably 
and ¢ remained unchanged by sodium laurate addi- 
tions. Since barium ions and hydroxyl ions have 
been shown to control the surface conditions of 
quartz even in the presence of laurate ions, it ap- 
pears that the mechanism by which laurate ions are 
attached to quartz is through the electrostatic at- 
traction brought about by cations in the Stern plane. 


Discussion of Results 


Potential-Determining Ions: Results of the fore- 
going streaming potential experiments indicate that 
hydroxyl and hydrogen ions are potential-determin- 
ing ions for quartz. Potential-determining ions are 
ions responsible for the existence of the double layer 
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and determine the electrical potential difference be- 
tween the solid and liquid phase. They are the ions 
common to both phases for ionic crystals or are the 
ions which participate in the electrolytic reaction 
that establishes equilibrium at the interface. For ex- 
ample, the potential-determining ions for silver 
iodide are silver and iodide ions, whereas for the 
glass electrode hydrogen and hydroxyl ions function 
as potential-determining ions.” 

The following experimental results indicate that 
hydrogen and hydroxy] ions are potential-determin- 
ing for quartz: 1—Hydroxyl ions cause ¢ to become 
more negative than any other anion tested. 2—Hy- 
drogen ions change the sign of ¢ in solutions at pH 
3.7, whereas sodium ions reduce ¢ to zero at ex- 
tremely large concentrations. 3—The zero point of 
zeta potential is determined by pH regardless of the 
concentration of a 1-1 valent electrolyte such as 
sodium chloride. 4—In solutions of electrolytes at a 
given total ionic strength (same thickness of the 
double layer), the value of ¢ at the quartz-solution 
interface is determined by pH. } 

The adsorption of hydrogen and hydroxyl ions 
give rise to the electrical double layer at the quartz 
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Fig. 9—Zecta potential of quartz at pH 10 upon addition of 
sodium chloride, sodium laurate, and sodium oleate; zeta 
potential of barium-activated quartz at pH 10 and pH 11.2 
upon addition of sodium laurate and sodium chloride. 


surface in the following manner. Upon crushing 
quartz, —Si—O—Si— bonds are broken and a polar 
surface is created in the manner depicted in Fig. 10. 
In aqueous media H* ions react with the negative 
oxygen sites and OH’ ions react with the positive 
silicon sites. The surface charge originates from 
dissociation of H* ions from this surface silicic acid, 
see Fig. 10. The extent of this dissociation will be 
determined by the concentration of the H* ions in 
solution and pH will be potential-determining. When 
there is no dissociation of the surface silicic acid, the 
surface will be uncharged. Experimentally, the zero 
point of zeta potential occurs in solutions at pH Sls 
and at this pH there is no double layer about quartz 
particles in water. Since the charge at the quartz 
surface is determined by the concentration of hydro- 
gen and hydroxyl ions in solution, the pH of the 
solution will affect markedly the adsorption of elec- 
trolytes at the quartz-solution interface. 
Surface-Inactive Electrolytes: Some electrolytes 
reduce the value of £ by compression of the double 
layer without changing its sign. They are generally 
called surface-inactive electrolytes or indifferent 
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electrolytes. Sodium chloride and sodium nitrate 
are of this type in regard to quartz, the sodium ions 
functioning as counter ions. 

Surface-Active Indifferent Electrolytes: If the 
counter ions are specifically attracted to the surface 
by chemical forces in addition to electrostatic forces, 
they may reverse the sign of Z as is the case with 
barium or aluminum ions, 

In neutral or alkaline solutions, barium ions are 
specifically adsorbed by quartz because ¢ can be re- 
versed in solutions containing about 0.02 mols ba- 
rium nitrate per liter. However, this specific affinity 
of barium ions for the surface does not appear to 
exist at pH 4. Yet aluminum ions still show specific 
adsorption at pH 4. These findings agree with floccu- 
lation studies and with flotation studies on quartz.”*” 

When ¢ is reversed by specific adsorption of 
counter ions such as Ba‘, a triple layer is formed at 
the quartz solution interface: 1—the adsorbed layer 
of potential-determining ions, 2—the layer of specifi- 
cally adsorbed Ba* ions in the Stern layer, and 3— 
the diffuse layer of nitrate counter ions. 

Soap Flotation of Quartz: It has been shown that 
when crushed quartz particles are put into water, 
the surface becomes negatively charged by the re- 
action of exposed polar sites with H* and OH’ ions 
followed by ionization of H* ions from the surface 
silicic acid. If the pH of the solution is increased, 
the dissociation of H* ions from the surface increases 
with the surface becoming more negatively charged, 
and therefore a greater number of cations must be 
attracted to the surface to maintain electroneutral- 
ity. If sodium hydroxide is used to regulate pH, the 
counter ions are sodium ions. However, upon addition 
of Ca** or Ba™ ions as activator, these divalent ions re- 
place the sodium ions because of the valency effect.® 
Now what happens when sodium oleate or sodium 
laurate is added to the system? 

Fig. 9A shows that in the absence of an activator 
sodium laurate functions as surface-inactive electro- 
lyte with Na* ions being the counter ions at the 
quartz-solution interface, and any laurate ions in the 
double layer probably occur in the outer extremities 
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Fig. 10-—Mechanism for the origin of the electrical charge at 
the quartz surface in aqueous solutions. 
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Fig. 11—Distribution of laurate ions at the quartz-solution 
interface in the absence of an activator (Case A) and in the 
presence of an activator. 


of the double layer. Laurate ions cannot approach 
the surface closely because they will be repelled by 
the highly negative surface charge, Fig. 11A. 

Streaming potential experiments with quartz in 
solutions of sodium laurate and barium nitrate at 
pH 10 show that ¢ apparently is dependent upon the 
pH and concentration of barium nitrate. If there 
had been specific adsorption of laurate ions at the 
quartz surface in these experiments, ¢ would have 
become more negative upon increase of the concen- 
tration of sodium laurate, but this has not been ob- 
served. Thus adsorbed laurate ions are probably 
held next to the surface of barium-activated quartz 
only by association with specifically adsorbed ba- 
rium ions in the Stern layer. On the basis of this 
mechanism, only multivalent cations can function as 
activators in the soap flotation of quartz. Fig. 11B 
illustrates the structure of the solid-solution inter- 
face of barium-activated quartz in the presence of 
sodium laurate based on the above reasoning. Such 
an ionic distribution as shown may result from 
forces similar to those causing ionic association in 
solution. 

Depression of quartz at high pH values cannot re-_ 
sult from competition of hydroxyl ions and oleate 
ions for the surface, since this experimental work 
has shown that hydroxyl ions and oleate ions func- 
tion in different manners at the quartz surface. Thus 
the adsorption of one at the surface can be affected 
by the presence of the other, but they are not com- 
peting reactions by any means. Depression must then 
occur by competition between sodium ions and 
barium ions for space in the Stern layer. 


Summary and Conclusions 
By means of streaming potential studies the Gouy 
and Stern concepts of the electrical double layer 
have been applied to the flotation of quartz. From 
this work the following conclusions can be drawn: 
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1— Quartz is negatively charged in pure water. 2— 
Hydroxyl and hydrogen ions appear to function as 
potential-determining ions in water. 3—Since pH 
determines the total double layer potential of quartz, 
the pH of the solution will affect the adsorption of 
all other ions by quartz. 4—Sodium ions function 
as surface-inactive counter ions. 5—Barium ions 
and aluminum ions function as counter ions and also 
are attracted to the surface by chemical forces. 6— 
In the absence of an activator, the only effect of add- 
ing sodium laurate or sodium oleate to the system is 
to compress the double layer. In the presence of an 
activator, laurate ions are associated with chemi- 
sorbed barium ions at the Stern layer. 


Acknowledgments 

The authors wish to acknowledge the help given 
them by their associates at the Massachusetts Insti- 
tute of Technology, especially by J. Th. G. Overbeek, 
presently of the University of Utrecht, Netherlands, 
and P. L. de Bruyn. This work was carried out by 
the generous support of the U. S. Atomic Energy 
Commission. 


References 


1A. M. Gaudin, H. Glover, M. S. Hansen, and C. W. Orr: Flota- 
tion Fundamentals, I. University of Utah TP 1 (1928) p. 78. 

2A. W. Fahrenwald and J. Newton: Engineering and Mining 
pea (1937) 138, p. 23. 

3 A.M. Gaudin and A. Rizo-Patrén: Trans. AIME (1943) 153, p. 
462. 


4S, R. B. Cooke: Trans. AIME (1949) 184, p. 299. 

5S. R. B. Cook and M. Digré: Trans. AIME (1949) 184, p. 306. 

6R. Schuhmann, Jr., and B. Prakash: Trans. AIME (1959) 187, p. 
591. 

7A. M. Gaudin and C. S. Chang: Trans. AIME (1952) 193, p. 193. 

8A. M. Gaudin, H. R. Spedden, and P. A. Laxen: Trans. AIME 
(1952) 193, p. 693. 

9G. M. Bell: The Adsorption of Sodium and Chloride Ions on 
Quartz. Sc.D. thesis, Massachusetts Institute of Technology, 1953. 

10H. Freundlich: Colloid and Capillary Chemistry, Chap. 4. Me- 
thuen & Co. Ltd., London, 1922. 

uA. M. Gaudin and S. C. Sun: Trans. AIME (1946) 169, p. 347. 

zW. R. Whitney and J. C. Blake: Journal of the American 
Chemical Society (1904) 26, p. 1339. 

18H. R. Kruyt: Colloid Science I, Chap. 4, 5. Elsevier Publishing 
Co., New York, 1952. 

14D. W. Fuerstenau: Streaming Potential Studies on Quartz. Sc.D. 
thesis, Massachusetts Institute of Technology, 1953. 

15 H. B. Bull and R. A. Gortner: Journal of Physical Chemistry 
(1932) 36, p. 111. 

16J, Th. G. Overbeek and P. W. O. Wijga: Rec. Trav. Chim. 
(1946) 65, pp. 556. 

170. G. Jensen and R. A. Gortner: Journal of Physical Chemistry 
(1932) 36, p. 3138. 

18 Supplied by courtesy of H. J. Harwood of Armour & Co., Chi- 
cago, Ill. 

19. A. Wood: Journal of the American Chemical Society (1946) 
68, p. 437. 


Depth Determinations by Electrical Resistivity 
by Harold M. Mooney 


DISCUSSION 


Frank J. Anderson (Dragon Cement Co. Inc., North- 
ampton, Pa.)—The article by Harold M. Mooney is as 
good a compilation of the various methods in use today 
as I have seen. It is well presented and the different 
methods well evaluated. 

However, although the evaluation and interpretation 
are good, I feel that the first paragraph is the key to the 
entire article, namely, that you have to be able to get 
results before any interpretation can be made. It is 
stated that many difficulties are attributable to geology 
and limitation of method and to careless field work and 
incompetent interpretation. 

My own experience has shown these to be true, but 
I believe that the character of the overlying medium, 
clay or overburden in many cases, actually eliminates 
the use of electrical resistivity. I cite the following 
example. 

In a planned quarry development at our Northamp- 
ton plant many diamond drillholes provided some indi- 
cations as to the depth of overburden that would be 
encountered in stripping. Since the grid was a rather 
wide-spaced one, it was decided to run electrical resis- 
tivity measurements over the entire area and draw the 
rock-clay profile from the interpreted results. The proj- 
ect was done on both close and widely separated elec- 


trode spacing, and at no time was it possible to deter- 
mine any difference in resistivity; consequently no 
profile could be drawn for the area. 

Although we knew the rock was present at deter- 
mined depths, none could be located through resis- 
tivity measurements. When the area was opened up 
it was found that the overburden was full of glacial 
material, largely rounded boulders, and the assump- 
tion was then made that the inherent electrical char- 
acteristics of both clay and rock were the same, with 
no resistivity differentiation possible. 

If this area had not been previously diamond-drilled 
and only resistivity measurements had been made, the 
interpretation might show a depth of clay that would 
eliminate the area from possible use. 

I feel that resistivity has its place in depth deter- 
minations, but in many cases it must be used with 
other methods to provide true pictures of the depth. 

Harold M. Mooney (author’s reply)—I am grateful 
for Mr. Anderson’s kind comments. His main point, 
that resistivity methods require geologic control, was 
perhaps inadequately emphasized in the original arti- 
cle. Its importance justifies restatement. His second 
point, that the methods require a contrast in the resis- 
tivities of earth materials, is beyond dispute. Our ex- 
perience with poorly sorted glacial materials confirms 
his suggestion of high resistivity. 


Electrolytic Production of Hydrometallurgical Reagents for Processing Manganese Ores 


by J. Bruce Clemmer, Carl Rampacek, and P. E. Churchward 


The paper describes a cyclic method for processing manganese ores using sodium sulphate as the basic 
reagent. Sodium sulphate is electrolyzed in a diaphragm cell to give an anolyte containing sulphuric acid and 
a catholyte containing caustic soda, a part of which is carbonated in a cyclic manner to form soda ash. The 
reduced ore is leached with the anolyte to dissolve the manganese and the impurities are precipitated by addi- 
tion of catholyte. Manganese in the pregnant solution is precipitated as synthetic rhodochrosite with a carbon- 
ated catholyte, and sodium sulphate is regenerated. Calcining the manganese carbonate gives a high-grade 
product and the carbon dioxide is returned to the carbonation step. The results of laboratory tests using cells 
equipped with synthetic fiber diaphragms and permselective membranes which permit transfer of anions or 


cations during electrolysis are described. 


The article from which the above abstract is reprinted appears in Trans. AIME (1955) 208, p. 51; Journat or Metats (January 1955). 
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A new method overcomes the problems of extracting molybdenite 
from Morenci copper concentrates. 


Flotation of Molybdenite 


At the Morenci Concentrator 


by J. E. Papin 


M ORENCI ores contain as an average about 0.015 
pet molybdenite, MoS.. Incidental to the con- 
centrating operations applied for the recovery of 
copper minerals, approximately two-thirds of the 
molybdenite is floated and appears in the final cop- 
per concentrate. The economic importance of mo- 
lybdenum and the success achieved in its recovery 
in milling operations elsewhere encouraged research 
directed toward its recovery in marketable form. 
Several procedures are utilized to effect separa- 
tion of molybdenite from copper and iron sulphides, 
but only two have wide application. In the better 
known of these two methods the molybdenite in the 
copper concentrate is depressed in a flotation oper- 
ation using soluble starch as the depressant. The 
tailing from this treatment thus becomes a low-grade 
molybdenite concentrate which after thickening, 
filtering, and low temperature roasting is repulped 
with water and subjected to additional flotation 
steps for recovery of the molybdenite. A thio-phos- 
phate collecting agent is employed in flotation of the 
copper minerals. Presumably the stability and last- 
ing effects of that collector type necessitated the 
practice of depressing molybdenite followed by sub- 
sequent roasting to insure elimination of copper and 
iron sulphides from final molybdenite concentrate. 
The second important method of recovery is ap- 
plied at various southwestern plants. In those plants 
xanthates are in use as copper collecting agents. It 
has been found that xanthates are relatively unsta- 
ble and their collecting power for sulphides is de- 
stroyed by very simple procedures. The method 
generally applied is to subject the xanthate-acti- 
vated concentrate, in the form of a pulp, to pro- 
longed heating using steam as the heating medium. 
A concentrate thus treated may then be subjected to 
a flotation operation for recovery of the molybde- 
nite, using mineral oil collecting agents, and the 
copper and iron sulphides will be depressed. 
Neither of the above processes was applicable to 
Morenci concentrates. Morenci uses a thio-phos- 
phate collecting agent in its flotation operation. 


J. E. PAPIN, Member AIME, is Mill Superintendent, Phelps Dodge 
Corp., Morenci, Ariz. 

Discussion on this paper, TP 3954B, may be sent (2 copies) to 
AIME before April 30, 1955. Manuscript, Sept. 8, 1954. San 
Francisco Meeting, September 1954. 
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However, it was established that soluble starch was 
not a depressant for Morenci molybdenite; therefore 
the first step in that process was not applicable. As 
would be expected the copper and iron sulphides in 
Morenci concentrates could not be depressed by the 
heating methods used on xanthate activated con- 
centrates. Low-temperature roasting did eliminate 
the effects of the thio-phosphate but had to be re- 
jected as uneconomic in as much as the tonnage of 
concentrates involved was too great. 


Preliminary research having established the above 
facts, it became obvious that new methods would 
have to be developed for the recovery of molybde- 
nite from Morenci concentrates. A broad laboratory 
investigation was initiated along two general lines, 
both directed toward depression of copper and iron 
sulphides. One approach was through the use of 
water-soluble oxidizing agents with the objective of 
destroying the thio-phosphate in the concentrate 
and thus eliminating its collector effect. The other 
approach involved the use of soluble sulphides, 
which have long been recognized as sulphide de- 
pressants. These efforts resulted in laboratory proc- 
esses which showed promise. Research was then 
extended to a pilot plant having a daily capacity of 
several tons of concentrate. This operation soon dem- 
onstrated that soluble sulphide—basically sodium 
polysulphide—when applied to a pulp made slightly 
acid with sulphuric acid, proved to be the most effec- 
tive sulphide depressant. The rate of concentrate 
treatment in this plant and the low molybdenite 
content of the concentrate prevented carrying the 
process to a conclusion, namely, production of molyb- 
denite concentrate of marketable grade. Laboratory 
treatment of pilot plant concentrate indicated that 
a marketable product could be made from it, given 
a tonnage suited to available cleaner flotation ma- 
chine capacity. Accordingly, the molybdenite plant 
was enlarged to permit treatment of the total copper 
concentrate from the extension plant, maximum of 
approximately 800 tons per day. 

In the enlarged plant a major difficulty was en- 
countered. No criteria could be established as a 
basis for control of the process. In the early stages 
of flotation, because of the small amount of molyb- 
denite involved, there was no visual evidence of the 
relative floatability of molybdenite with respect to 
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other sulphides and therefore no evidence of the de- 
pressing effects being applied by soluble sulphide 
additions. In other words, the operation could not be 
so stabilized that maximum recovery of molybdenite 
could be achieved simultaneously with a proper 
grade of concentrate. 


Table |. Point of Addition and Amounts of Reagent Used 


Original Feed, 


Sulphuric Acid Lb Per Ton 
Conditioner ahead of roughing flotation 1.46 
No. 3 conditioner ahead of primary cleaning flotation 0.46 
No. 2 conditioner ahead of secondary cleaning flotation 0.40 
Surge box ahead of primary recleaners 0.06 

Total 2.38 

Sodium Ferrocyanide 
Discharge of conditioner ahead of roughing flotation 0.30 
Discharge of conditioner ahead of primary cleaning 

flotation 0.22 

Discharge of conditioner ahead of secondary cleaning 
flotation 0.11 
Pump sump, feed to tertiary cleaning flotation 0.08 
Feed box to primary recleaning flotation 0.04 
Total 0.75 


Sodium Cyanide 
Feed to final Denver recleaning flotation cell 0.61 
Sodium Polysulphide 
No. 2 conditioner ahead of secondary cleaning flotation 
and in regrind ball mill 0.07 


To guide plant operation and to search for better 
means of effecting molybdenite recovery, laboratory 
work was continued throughout this period of proc- 
ess development. Among other depressants studied 
were the ferro and ferri-cyanides. Gaudin in 1932* 
had cited them as depressants for chalcocite, and re- 
cently their application in a sphalerite-chalcocite 
separation has been described in the technical press. 
Both the ferro and the ferri-cyanides proved to be 
excellent depressants of the copper and iron sul- 
phides when applied in an alkaline pulp of low pH. 
There was no evidence of depression of molybdenite 
at any concentration of the cyanides and molybde- 
nite recovery was therefore relatively good. Quanti- 
ties required were within economic limits and acid 
requirements were reduced as compared with the 
soluble sulphide process. More important was the 
fact that with their application there was marked 
visual evidence of differential flotation to serve as a 
criterion for the control of reagent additions. Their 
prompt application in the molybdenite plant was 
therefore undertaken, see Table I. 

Sodium ferro-cyanide, being the least costly salt, 
was selected for initial plant use. It was first applied 
in the roughing flotation step and after proving 
satisfactory there was also used in several cleaning 
steps of the process. However, in the final cleaning 


steps depression of copper and iron sulphides was 
not adequate and the ferro-cyanide was replaced by 
sodium cyanide. The process as finally developed 
involves application of pulp density and pH control, 
methods of reagent addition, and operating tech- 
niques which, taken together, are believed to repre- 
sent a contribution to the art. The important process 
features will be presented in more detail in the dis- 
cussion of the plant flowsheet, Fig. 1. See also 
Tables II and III for metallurgical data.* 


*U. S. patents 2,559,104; 2,608,298; and 2,664,199 have been 
issued to Phelps Dodge Corp. on processes described in this paper. 


Copper concentrate is sent to the molybdenite 
rougher flotation along with the molybdenite pri- 
mary cleaner tailing. This pulp is pumped to a con- 
ditioner where water is added for dilution and sul- 
phuric acid is added for pH control. 

Pulp from the conditioner is diverted to the 
rougher flotation units and controlled addition of 
ferro-cyanide is made at the feed inlet to the first 
cell of each flotation bank. Effects of the ferro- 
cyanide are relatively short-lived owing, presum- 
ably, either to consumption of the reagent through 
reaction with sulphides or through its destruction by 
chemical constituents of the pulp. Long conditioning 
of the pulp after ferro-cyanide addition must there- 
fore be avoided. Addition of ferro-cyanide at this 
point is limited to a certain amount so that some 
flotation of copper and iron sulphides will occur in 
the last flotation cells in each bank. Tailing from 
these cell banks is the final tailing of the plant and 
is diverted to a thickener. 

The molybdenite rougher concentrates pass to a 
thickener where they are joined by cleaner tailing 
from the secondary and tertiary cleaners. Thicken- 
ing is to accomplish partial elimination of frothing 
agents which have carried over from the copper 
plant and to provide controlled feeding of the con- 
centrate to the molybdenite plant primary cleaners. 
It was established by initial laboratory and pilot 
plant work that control of froth formation was es- 
sential in all the molybdenite flotation steps. Fac- 
tors in this control were the amount of residual 
frothing agent in the concentrate feed to each flo- 
tation unit and the extent to which copper and iron 
sulphides were depressed. With -a maximum of 
frothing agent present, prohibitive amounts of de- 
pressant were required to prevent flotation of copper 
and iron sulphides. In furtherance of the principle 
control of froth formation the thickened concen- 
trates are delivered te a conditioner where fresh 


Table II. Molybdenum Plant, General Data 
Dry Ore 
Pulp Data Average, 
Tons 
Description Solids, Pct Sp Gr pH Sp Gr Per 24 Hrs 

Feed to molybdenum plant roughers 30.0 11.0 5.2 1500 
Pulp in conditioner before rougher flotation 25.0 1.253 5.2 3300 
Rougher flotation 25.0 1.253 7.0 to 8.0 5.2 3300 
Underflow, 100-ft thickener 50.0 1.667 5.0 1500 
Conditioner ahead of primary cleaner flotation 25.0 1.250 5.0 1500 
Primary cleaner flotation 25.0 1.250 7.0 to 8.0 5.0 1500 
Conditioner ahead of secondary cleaner flotation 10.0 1.089 5.4 335 
Secondary cleaner flotation 10.0 1.089 7.0 to 8.0 5.4 335 
Tertiary cleaner flotation 10.0 1.087 5.0 80 
Underflow, 20-ft thickener 40.0 1.463 4.8 40 
Primary recleaner flotation 2.5 1.020 7.5 to 9.0 4.8 40 
Final recleaner flotation 2.0 1.016 9.0 to 11.5 4.6 9 


Sulphuric acid and sodium ferrocyanide are used in all flotation stages except the final cleaner flotation stage, at which point sodium 


cyanide is used. 
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water is added for dilution, and sulphuric acid is 
added again for pH control. Ferro-cyanide in second 
stage is added to the feed inlets of the first cell of 
each of the flotation banks. Continuous pH control 
is held at a pH of 7.5 with an automatic controller. 

Concentrates pass to a conditioner and from there 
to the secondary cleaner cells. The tailing is de- 
livered to the conditioner ahead of the rougher flota- 
tion units. Acid is added to the conditioner ahead of 
the secondary cleaners, and ferro-cyanide to the 
feed inlet of the first cell. 

The concentrate made by the tertiary cleaners is 
delivered to a thickener and the tailings are recycled 
through the primary cleaning step. Thickening of 
the concentrate is necessary for two reasons: 1—to 
eliminate frothing agents which have been concen- 
trated by this and preceding flotation steps, and 2— 
to prepare the product for filtration and subsequent 
grinding. A considerable portion of the molybdenite 
is locked with or attached to gangue material. If it 
is not freed from the gangue it is lost during subse- 
quent treatment or if recovered carries the gangue 
with it, with the result that the final concentrate is 
contaminated. 

The reground concentrate is diluted to desired 
density with fresh water, acid is added to adjust the 
pH, and ferro-cyanide is added immediately prior 
to introduction of the pulp into the four-cell pri- 
mary recleaning unit. A minor amount of frothing 
agent may be necessary in this step to maintain froth 
production. The concentrate obtained is diverted to 
the final cleaner unit and the tailings are routed to 
the copper concentrate thickener. 

The final cleaner unit consists of four flotation 
cells in stages. The feed to the unit enters the first 
cell of the series. Concentrate from that cell passes 
to the second cell, concentrates from the second cell 
advance to the third cell, and so on to the fourth cell, 
where final concentrate is produced. There are thus 
six stages of cleaning involved. Concentrated so- 
dium cyanide solution is fed into the fourth cell and 
moves with the tailings from the several cells 
countercurrent to the concentrate flow. Tailing from 


Table. Ill. Assays and Distribution of Feed, Concentrate, 
and Tailing, January Through May, 1954 


Assays Distribution, Pct 

Item Wt Pct Cu Fe Cu Fe 
Heading 

(computed) 100.00 0.284 22.63 27.91 100.00 100.00 100.00 
Roughing 

tailing 99.80 0.106 22.58 27.94 37.25 99.61 99.90 
Final 

concentrate 0.20 89.09 0.44 1.4 62.75 0.39 0.10 
Ratio of 

concentration 499.91 
Assays of Intermediate Assay 
Concentrates, Special 
Samples Taken One Day Only MoS2 Cu 
Molybdenite plant feed 0.156 20.88 
Roughing concentrate 0.489 36.35 
Primary cleaning concentrate 4.22 52.67 
Secondary cleaning concentrate 14.50 44.31 
Tertiary cleaning concentrate 29.31 34.44 
Primary recleaner concentrate 72.95 6.20 
Final concentrate 85.06 0.40 


this series of cleaning steps exists from the first cell 
of the bank and is returned to the thickener. It is 
to be noted that in this operation the molybdenite- 
rich material is advanced progressively through an 
environment of increasing cyanide concentration. 
This is essential to eliminate a maximum of the cop- 
per and iron sulphides which have escaped depres- 
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Original Plant Cleaner Concentrate Extension Plant Cleaner Concentrate 
() 
Conditioner Conditioner 
(2) 
Roughing * 5 Banks of 8 4 Bonks of 6 
Flotation |. Tailing 56 In. Fagergren Cells 56In.FagergrenCells Tailing 
aoe Ft 1 100 Ft 
ickeners {OO Ft Thickener Thickener 
(1) 
Conditioner 
(2) 
Primary Tailing _ 3 Banks of 8 56 In. Fagergren Cells Tailing 
Cleaning (1) (40 Pct of 
(4)---Conditioner Volume) 
Secondary 1 
Cleaning Tailing { Bank of 8 56 In. Fagergren Cells ! 
Tertiary re (2) 
Cleaning Tailing 1 Bank of 3 56 In. Fagergren Cells 
Over flow 20 Ft Thickener 
(5) 6 
: x3 Ft Disk Filter 
Regrind 8x 4 Ft Diam Ball Mill 
Primary (1) 
Recleaning \Alternate Tailing 4 No.21 Denver Cells¢-(2) Tailing 
Secondary 
Recleaning Tailing 4 No. 21 Denver Cells¢——— (3) Last Stage 
4 Stages 
6x2 Ft Disk Filter 
Dryer 
REAGENT CODE 
2.384 |b per Ton of Cu Conc 
2 NagFe(CN)6-------=--- 0.749 Lb per Ton of Cu Conc 
== 0.613 Lb per Ton of Cu Conc 
4 Sodium Polysulphide---0.069 Lb per Ton of Cu Conc 
(Occasional Alternate for NagFe(CN)6) 
5 Aerofloc No.548------ 0.01 Lb per Ton 
Reagents: Year to Date through April 


Fig. 1—Flotation of molybdenite at the Morenci concen- 
trator, May 1954. 


sion in preceding operations. The amount of sodium 
cyanide addition is determined on the basis of froth 
appearance and periodic analytical determination of 
the copper content of the finished concentrate. In 
usual flotation practice, cleaner tailings are returned 
directly to a preceding flotation step. In this in- 
stance the sodium cyanide addition has raised the 
pH of the cleaner tailing to such an extent that its 
return to a preceding circuit would complicate pH 
control in that circuit. It is therefore diverted to the 
concentrate thickener, where dilution followed by 
partial dewatering is accomplished, and joins the 
new feed to the plant. 

Significant features of this molybdenite flotation 
process may be briefly summarized as follows: 1— 
Dewatering of rougher concentrate followed by sub- 
sequent dilution with fresh water partially to elim- 
inate frothing and collecting agents and permit 
control of froth formation. 2—Regulation of pulp 
density with the same objective. 3—Control of pH 
to provide proper environment for the functioning 
of the depressant sodium ferro-cyanide. 4—Step 
addition of the ferro-cyanide to maintain maximum 
depressing effects on copper and iron sulphide with 
a minimum quantity of the reagent. 5—Final clean- 
ing of the molybdenite concentrate by use of a pow- 
erful depressant, sodium cyanide, under conditions 
designed to minimize reagent requirements. 
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Pumping Test Evaluates Water Problem 
At Eureka, Nev. 


by Wilbur T. Stuart 


O assist the mining industry in attacking prob- 

lems of water control, the U. S. Geological Sur- 
vey has begun a program of research in mining 
hydrology. In certain fundamental respects water 
control is similar to development of water supplies 
from wells or to the drainage of agricultural lands, 
as many of the tools developed in recent years for 
quantitative ground-water problems are applicable, 
with modification, to mine-water problems. 

In 1952 a 30-day pumping test conducted jointly 
by the Eureka Corp. Ltd. and the Defense Minerals 
Exploration Agency provided an opportunity to gain 
knowledge concerning water movements around a 
flooded mine shaft. The methods of analyzing the 
data may be used as a guide for the evaluation of 
similar problems elsewhere. 

The Fad shaft of the Eureka Corp. is on Ruby Hill, 
114% miles west of Eureka, Nev. The shaft was com- 
pleted at a depth of 2465 ft in November 1947 at a 
site adjacent to the downfaulted block in which the 
ore was found. As the drift on the 2250 level pro- 
gressed toward the ore zone, a large flow of water 
was encountered after the Martin fault was inter- 
sected, This flow exceeded the installed pump capac- 
ity, and an unsuccessful attempt to recover the shaft 
and the 2250 level was made in 1948." * 

Geology and Hydrology: The complex structure of 
Ruby Hill is that of an anticline broken first by 
thrust faulting and later by normal faults. The pres- 
ent orebody comprises several mineralized zones 
within a block of the Eldorado limestone of middie 
Cambrian age which was downfaulted 1400 to 1600 
ft, and it may be related to a similar body mined at 
a higher level south of the Ruby Hill fault. At the 
depth of the largest zone of ore the block is roughly 
rectangular in shape, about 1000 ft wide and 1500 ft 
long, and dips about 30° NE, see Fig. 1. It is appar- 
ently bounded on the south by the Ruby Hill fault, 
on the east by the Jackson fault, on the north by the 
Martin fault, and the west by the Bowman fault. 
Within the block, but between the Ruby Hill and the 
Martin faults, are the Office and Adams Hills faults; 
west of the block and the Bowman fault are the 
Albion and Spring Valley faults. 

There are many conflicting reports concerning the 
water-yielding characteristics of the Eldorado lime- 
stone and the condition of the fault zones, that is, 
whether they are open or tight. However, the 
diamond-drill records indicate that open spaces as 
much as 2 or 3 ft across were encountered, and con- 
siderable cementing and lining of holes was neces- 
sary to maintain circulation of drilling fluid. There 
is also evidence that the Eldorado limestone was 
cavernous where it was mined in the early days 
south of the Ruby Hill fault. 

At the site of the Fad shaft the formations encoun- 
tered from the surface down included the Pogonip 
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limestone, Dunderberg shale, Hamburg limestone, 
and Secret Canyon shale. These formations did not 
yield large quantities of water to the shaft. The 
Pogonip limestone, which appears to be permeable 
and might yield water elsewhere, is above the water 
table in the vicinity of the shaft. The Secret Canyon 
shale, immediately overlying the Eldorado in some 
places but in most places separated from it by the 
Geddes limestone,’ is apparently tight and does not 
transmit water. During the 30-day test period the 
shale briefly confined the water in the underlying 
formations so that artesian conditions were observed 
in drillholes E and F, which are cased into the Eldo- 
rado limestone, whereas unconfined conditions were 
observed in drillholes B, C, and D, which were open 
to the shale. The Geddes limestone, which normally 
lies between the Secret Canyon shale and the Eldo- 
rado limestone, was not encountered in the Fad 
shaft. The Geddes, a flaggy, fractured limestone, is 
reported capable of yielding large volumes of water. 
Water stored in the interstices of this thin-bedded 
limestone within the Ruby Hill fault zone on the 
1200 level of the Locan shaft drowned the pumps 
in 1923 when the Richmond-Eureka Mining Co. at- 
tempted to explore the area along the fault. Eldorado 
limestone was not encountered in the Fad shaft. 

In the ore-block area the Eldorado limestone was 
not entirely offset from other water-yielding forma- 
tions by movement along the Bowman fault; there- 
fore it may be hydraulically connected with the 
other formations. Adjacent to the Ruby Hill, Jack- 
son, and Martin faults, the Eldorado lies in contact 
with other possible water-yielding formations. One 
of these, the Prospect Mountain quartzite, is sep- 
arated from the Eldorado by thin, sheared, and 
broken beds of the Geddes within the Ruby Hill 
fault zone. 

A limited examination by the author of the Pros- 
pect Mountain quartzite in the Richmond mine at a 
higher level and south of the Ruby Hill fault indi- 
cates that the quartzite is poorly permeable. The 
monzonite mass south of the quartzite would be a 
further barrier to the flow of water. The poor per- 
meability of this area is substantiated by records of 
levels at which water was encountered south of the 
Ruby Hill fault. In view of the normally low rate 
of ground-water recharge, if this desert area had 
been permeable, water levels could not have been 
maintained at altitudes of many hundred feet above 
the present water table west and north of Ruby Hill. 

Thus the ore-bearing block of Eldorado limestone 
is in contact with possible water-yielding rocks on 
at least two sides, and if the fault zones are possible 
conduits for water circulation the geologic and 
hydrologic conditions are suitable for the infinite- 
aquifer type of analysis as used and modified here. 

History of Pumping: During sinking of the Fad 
shaft a maximum pumping rate of 1500 gpm kept 
the shaft dewatered sufficiently, but in March 1948, 
after the 2250 level drift passed through the Martin 
fault into the Eldorado limestone, the pumps and 
shaft were flooded. Subsequently additional pump- 
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ing equipment was installed and over a period of 
several months the pumping rate was increased to 
8000 gpm. Pumping at the 8000 gpm rate lowered 
the water level in the shaft to within 170 ft of the 
2250 level. Increasing the rate of pumping from 
8000 to 9000 gpm came within 60 ft of recovering 
the 2250 level, but this high rate of pumping began 
to bring gouge and pebbles of limestone into the 
shaft and the water became very muddy. Rate of 
pumping was immediately reduced to about 7500 
gpm and the water became clear. At the time the 
water from the shaft became muddy, the pumping 
level rose approximately 340 ft in the shaft, and 
although the pumping rate was later increased to 
about 9000 gpm the water level in the shaft re- 
mained about 400 ft above the 2250 level. It is prob- 
able that much fine sediment was removed from the 
fractures as the water moved along the Martin fault. 
As a result it appears that there is a better hydraulic 
connection between the main block of the Eldorado 
limestone and the shaft than before the shaft was 
pumped at 9000 gpm. 

It is estimated that by Nov. 14, 1948, 30 tons of 
material were pumped from the mine and an addi- 
tional 108 cu yd had settled in the bottom of the Fad 
shaft. By Nov. 23, 1948, soundings indicated that 
about 360 cu yd of the material had settled in the 
bottom. It was feared that eventually the shaft 
would fill above the 2250 level, from which the drift 
to the ore zone has been started. 

During attempts to recover the 2250 level, depth- 
to-water measurements were made in drillhole E, 
which taps the ore-bearing formations in the Eldo- 
rado. Although the water level in drillhole E was 
lowered about 330 ft during these periods of pump- 
ing, it was still about 880 ft above the 2250 level. 
This indicated not only that the water table had a 
shape of an inverted cone with the apex at the shaft, 
but that recovery of the 2250 level at the shaft would 
not unwater the orebody. 

In the period of operations from March 1948 to 
December 1948 about 5000 acre-ft of water was 
pumped from the shaft. Measurements of the alti- 
tude to which the water level in the drillholes re- 
covered after pumping stopped in 1948 show little 
if any permanent lowering of the water level in the 
ore zone. Rough calculations show that if all this 
water had been removed from storage in the ore- 
bearing block, the level in the ore zone should have 
been lowered 250 to 450 ft. Thus it appears that a 
large part of the water is moving into the ore zone, 
either from other formations in contact with the 
Eldorado or through fault zones surrounding the 
ore-bearing block. 

Pumping Test: To evaluate the feasibility of un- 
watering the shaft and the associated ore zone, a 
pumping test was made to determine the ability of 
the formations to transmit water to the shaft and 
ore-zone area. For 30 days the shaft was pumped 
at 3600 gpm and the rate of lowering of the water 
level was observed in the shaft and at all other 
available points; the rate of rise after pumping 
ceased was observed for 10 days. Normally the re- 
covery period should be equivalent to the drawdown 
period, but in this case the data indicated that the 
recovery was duplicating the information obtained 
in the drawdown test. The recovery period was 
shortened, therefore, to facilitate operations in un- 
watering the property. Two 450-hp submersible 
pumps lifted the water from the shaft to the 789- 
level sump. Opening or closing valves in the pump- 
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discharge line maintained a constant head on an 
orifice, insuring uniform flow rate. Water from the 
789-level sump was lifted to the collar of the shaft 
by means of 1000-gpm station pumps and passed 
through a Parshall flume equipped with an electrical 
recorder, which provided a graphic record of flow 
rate and total flow in thousand gallons. A contin- 
uous graphic record of the depth to water in the 
shaft was obtained by means of a float-operated in- 
strument checked manually three times each day. 
Depth to water in drillhole E was recorded by means 
of a similar instrument. Depth to water in drillholes 
B, C, D, and F and in the Locan shaft was measured 
manually as often as time permitted. A float- 
operated recording instrument was installed in the 
Holly shaft about 6500 ft north of the Fad shaft to 
determine changes in the water level at that point. 
Depth-to-water measurements were made manually 
at weekly intervals or oftener in four drilled and 
dug stock wells in Diamond Valley at distances of 
3 to 6% miles north of the Fad shaft. All measure- 
ments were made to the nearest 0.01 ft. 

Pumping in the Fad shaft began at 9:53 am on 
Dec. 23, 1952, and continued at the uniform rate of 
3600 gpm until 9:06 am on Jan. 22, 1953. After 
pumping ceased the altitude of the water levels was 
determined at periodic intervals in each of the 
diamond drillholes and in the Locan shaft for a 
period of 10 days. Graphs of the drawdown and 
recovery of water levels at each site are shown on 
Figs. 2 and 3. Total drawdown and recovery, in feet, 
for each of the sites in which depth to water meas- 
urements were made are shown in Table I. 


Table |. Total Drawdown or Recovery of Water Level, in Feet, 
During Test Period 


Drawdown Recovery 


Dec, 23, 1952, to Jan, 22, 1953 Jan. 22, 1953, to Feb. 1, 1953 


Fad shaft 264.66 239.98 
Drillhole B 172.16 Hole plugged 
during recovery 
Drillhole C 100.15* 17.87 
Drillhole D 187.75 110.60 
Drillhole E 101.24 82.75 
Drillhole F 97.19 79.24 
Locan shaft 91.30 73.23 


Holly shaft Not affected 
by pumping 
Not affected 
by pumping 
Not affected 
by pumping 
Not affected 
by pumping 
Not affected 
by pumping 


Airport well 20/53-15bl1 
Rodeo ground well 

SW Diamond Valley well 
A.C. Florio well 19/53-5al 


* Decline of water arrested at this point, probably as a result of 
caving of shale. 


Analysis of Pumping Test: Withdrawal of water 
from any permeable material causes the water levels 
to decline in the vicinity of the point of withdrawal, 
and the shape of the water table or piezometric sur- 
face becomes an inverted cone, the apex at the point 
of withdrawal. In some cases, as in a mine shaft, 
the shape of the cone is modified or elongated to fit 
the hydrologic characteristics of the rock structure, 
the openings into the formation, and the boundaries. 
However, the overall size, shape, and rate of growth 
of the cone of depression caused by pumping the 
shaft are dependent on rate and duration of pump- 
ing; transmissibility and storage coefficients of the 
formations; increase in recharge, if any, induced by 
the declining water level; natural discharge that is 
salvaged; and boundaries of the bedrock formations. 
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Fig. 1—Block dia- 
gram shows forma- 
tion and location 
of drillholes, Locan 
and Fad shafts, 
Eureka Corp. Ltd. 
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Geddes limestone 
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The lowering at any point of the cone of depression 
is termed drawdown and is dependent on the above 
variables and distance from point of withdrawal. 

To express in a general equation the relationship 
among the variables that governs the magnitude of 
the unwatering, certain basic assumptions are made. 
It is assumed that the aquifer is constant in thick- 
ness, infinite in areal extent, and homogeneous and 
isotropic, that is, transmitting water with equal 
facility in all directions. It is assumed further that 
the water may enter the shaft from the full thick- 
ness of the aquifer. 

The relationship among the hydraulic properties 
of a formation, the rate of pumping, and the change 
in water level caused by withdrawal of water from 
a well or shaft in a given formation is expressed by 
the following formula developed by Theis: * 


114.6 Q er 
s = — du 


L377 


where s = drawdown, in feet, at any point in the 
vicinity of a shaft pumped at a uniform rate; Q = 
discharge of shaft, gom; T = coefficient of trans- 
missibility, gpd per ft; r = distance, in feet, from 
pumped shaft to point of observation; S = coefficient 
of storage; t = time, in days, that shaft has been dis- 
charging; and u = 1.87 r°S/Tt. 

To use the formula to determine the effect on the 
water level, at any distance from a shaft, caused by 
a change in rate of withdrawal it is necessary to 
know the water-bearing characteristics of the for- 
mations. These characteristics are called the co- 
efficients of transmissibility and storage. Trans- 
missibility may be defined as the number of gallons 
of water that will move per day through a vertical 
strip of the aquifer 1 ft wide with a height equal 
to the full thickness of the aquifer when the hy- 
draulic gradient is reduced 1 ft for each foot of 
water travel through the formation. Coefficient of 
storage is defined as the volume of water, measured 
as a fraction of a cubic foot, released from storage 
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in each column of the aquifer having a base of 1 sq 
ft and a height equal to the thickness of the aquifer 
when the head is lowered 1 ft. 

The hydraulic characteristics of the undisturbed 
water-bearing formations in place are determined 
by pumping tests. A pumping test is made by 
changing the rate of withdrawal and observing the 
effect on the drawdown or recovery of the water 
levels in other parts of the cone of depression. By 
analysis of these data, values of the transmissibility 
and storage coefficients can be obtained. Stated in 
another way, a pumping test determines the equa- 
tion of the drawdown curve so that the curve may 
be extended by means of the same equation for a 
longer period of time and for other distances and 
rates of pumping. When the equation is applied for 
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Fig. 2—Drawdown and recovery of water level in the Fad 
shaft during test period. 
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a longer period, consideration must be given to the 
effects caused by boundaries and changes in the 
character of the formation. Simple boundaries of 
the type through which water cannot pass increase 
the rate of drawdown, whereas boundaries of the 
type which add water to the system reduce the rate. 
When predictions based on mathematics are made 
it is assumed that the aquifer is infinite, and hypo- 
thetical image wells are introduced at an equal dis- 
tance on the opposite side of the boundary, dis- 
charging an amount equal to that pumped or re- 
charging a similar amount, depending, respectively, 


Table Il. Coefficients of Transmissibility and Storage of the 
Bedrock as Computed from Pumping Tests on the Fad Shaft 


Drawdown Recovery 
Coefficient Coeffi- Coefficient Coeffi- 
of Trans- cient of Trans- cient 

missibility, of missibility, of 


Shaft or Drillholes GpdPerFt Storage Gpd Per Ft’ Storage 


Fad shaft 
with barrier-type 
boundary after 
15 days 

Drillhole E 
with barrier-type 
boundary after 
20 days 

Drillhole F 
with barrier-type 
boundary after 
22 days 

Locan shaft 


16,600 16,100 


23,800 0.00074 21,100 0.00066 


24,000 0.00066 21,300 0.00064 


16,100 0.0014 15,420 0.00118 


upon whether the boundary is impermeable or water 
is added. A boundary of the barrier type, through 
which no water can pass, was indicated in analysis 
of the drawdown curves for the Fad shaft and drill- 
holes E and F. This boundary, approximately 1 mile 
from drillhole E, was noted during the test, 20 days 
after pumping started. No boundaries were noted 
of the type indicating that water (outside recharge) 
was added to the hydraulic system. A general con- 
clusion may be made from the alignment of draw- 
down and recovery curves: the hydraulic system 
feeding water to the Fad shaft and the orebody 
reaches extensively in three directions, and within 
the 30-day period of test no large outside source of 
water, excluding that already in storage within the 
bedrock, was encountered within 1.1 miles of the 
Fad shaft. 

In the pumping test at Eureka transmissibility and 
storage coefficients have been determined by the 
methods of Theis* and Cooper and Jacob.’ Both 
methods were used to analyze the pumping-test 
data, as each has advantages not possessed by the 
other.® Both methods were applied to the drawdown 
and to the recovery of the water levels observed in 
the Fad shaft, in drillholes E and F, and in the Locan 
shaft. Computations are shown on Figs. 4-12. The 
drawdown and recovery of the water level in drill- 
holes B, C, and D showed the effects of unwatering 
formations above the Secret Canyon shale; these 
methods cannot be rigorously applied, as these holes 
do not penetrate the formation fully and the satu- 
rated thickness in the holes was materially reduced 
during the test. 

Values of the formation constants obtained during 
the test are shown in Table II. 

Evaluation of Pumping Problems: A method of 
application of the hydraulic characteristics of the 
formation is proposed in the following example to 
determine how much water must be withdrawn to 
unwater the shaft and ore zone within a scheduled 
period. 
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Fig. 3—Drawdown and recovery of water levels in drillholes 
B, C, D, E, and F and Locan shaft during test period. 


The nonequilibrium method developed by Theis 
makes it possible to compute the drawdown or re- 
covery at any point, at any time, and for any rate 
and period of pumping. It assumes that transmissi- 
bility and storage coefficients remain constant 
throughout the aquifer and during the computed 
period. These conditions were not completely ful- 
filled during the pumping test, as transmissibility 
is greater in the vicinity of the ore zone than in the 
neighborhood of the shaft. The effective radius of 
the shaft varies, owing to irregularities in bore and 
in the volume of the levels unwatered. Neverthe- 
less, in spite of the irregularities, the calculations 
can be made without difficulty by averaging of 
variations for each factor. 

Because unwatering of the Fad shaft will progress 
under the same conditions existing when it was 
tested, a simple graphic method is proposed which 
automatically includes changes in transmissibility 
and storage, boundary conditions, and irregularities 
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Fig. 4—Logarithmic graph of drawdown of water level in Fad 
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Fig. 5—A semi-logarithmic time-drawdown graph of water 
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in the shaft. Fig. 13 is a time-drawndown graph for 
a pumping rate of 1000 gpm at the Fad shaft. In as 
much as drawdown is proportional to rate of with- 
drawal, the graph was constructed by use of 1/3.6 
of the measured drawdown occurring during the 30- 
day test. After this period the drawdown is extra- 
polated for a transmissibility of 16,500 gpd per ft 
with one impermeable boundary. The drawdown 
for any other pumping rate is in direct proportion to 
that rate. 

Observations in 1948 and in the 1952 test showed 
that pumping from the shaft lowers the water level 
in the ore zone at the sites of holes E and F. For 
convenience the site of hole E has been selected for 
determination of the amount of lowering. Fig. 14 is 
a time-drawdown graph showing the drawdown 
that will occur at the site of drillhole E caused by 
the pumping of 1000 gpm at the Fad shaft 980 ft 
away. It was constructed on the basis of 1/3.6 of 
the measured drawdown during the 30-day test 
period and extrapolated by the use of a coefficient of 
transmissibility of 24,000 gpd per ft with one im- 
permeable boundary. 
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Fig. 7—A _ semi-logarithmic time-recovery graph of water 
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Construction of Figs. 13 and 14 is based on the 
assumption that the bedrock hydrology will not 
change materially as the cone of pumping expands 
outward beyond the limits considered in the 30-day 
test. It is further assumed that any intersected 
boundaries of one type will be balanced by the in- 
tersection of the same number of boundaries of the 
opposite type, in other words, the rock in the sur- 
rounding area will act as an infinite aquifer, except 
for modification caused by the one boundary. 

Example of Method of Calculation for Time and 
Rate for Unwatering Shaft: The following calcula- 
tions are made to demonstrate the method and should 
not be considered the most economical or recom- 
mended rates, as these must be determined by good 
mining practice. In all calculations the average rate 
of pumping must be continued for the full length of 
time and each successive increase or decrease in the 
rate must be considered as a separate increment 
superimposed on the preceding system. For example, 
if a system has been pumped at the rate of 1000 gpm 
for 2 years, and the rate is increased to 2000 gpm, 
it is desired to know the drawdown at the end of 3 
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Fig. 8—Logarithmic graph of drawdown at hole E caused by 
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Fig. 9—A semi-logarithmic time-drawdown graph of inter- 
ference of Fad shaft pumping on hole’ £. Computations: 


263.5Q 263.5 x 3600 
T = ——__, T = —————__—_ = 23,800 gpd per ft, 
As 40.0 
0.301 T t, 0.301 x 23,800 x 0.1 


years for the system. The resultant drawdown will 
be the sum of the drawdown for 1000 gpm pumping 
for 3 years plus the added increment of drawdown 
for 1000 gpm pumping for 1 year. This principle of 
superimposing changes in pumping on the old pump- 
ing system must be understood and followed in all 
calculations. 

To lower the water level in the shaft from altitude 
5940 (December 1952 static level) to altitude 4715 
(2250 level) a drawdown of 1225 ft is required. If 
this is to be accomplished in 2 years (730 days) it 
is determined from Fig. 13 that the drawdown is 
116.5 ft per 1000 gpm for this period. Dividing 
1225 by 116.5 determines that 10.5 times 1000, or 
an average of 10,500 gpm, must be pumped con- 
tinuously to accomplish this lowering. Or suppose 
that 12,000 gpm of pumping capacity is available, it 
is desired to know how long it will take to unwater 
the shaft to the 2250 level. Because the drawdown 
at this rate is 12 times that shown for Fig. 13, the 
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Fig. 10—Logarithmic graph of drawdown in hole F caused by 
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Fig. 11—A semi-logarithmic time-drawdown graph of inter- 
ference of Fad shaft pumping on hole F. Computations: 


263.5Q 263.5 x 3600 
i le = 24,000 gpd per ft, 
As 39.5 
0.301 T t, 0.301 « 24,000 x 0.11 
= = 0.00066. 
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time needed will be that for 1225/12 or 102 ft of 
drawdown to take place. This is determined to be 
250 days. 

To determine from Fig. 14 the amount of lowering 
at the site of drillhole E for each of the above condi- 
tions, determine the drawdown for 730 days and 250 
days. When multiplied by their respective ratios of 
pumping, values of 57.5 and 47.2 ft determined in 
this manner indicate that the water level will have 
lowered 604 (57.5x10.5) ft for the longer period or 
566 (47.2x12) ft for the shorter period of pumping. 
It should be noted the water level at this site would 
be more than 621 ft above the level in the shaft, and 
although the 2250 level would have been recovered 
at the shaft, additional pumping would be necessary 
to unwater the ore zone sufficiently for mining. 

Good mining practice might dictate several meth- 
ods for obtaining additional pumping sites to lower 
the water table throughout the ore zone. Deep bore- 
holes, each equipped with a pump, might be possi- 
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ble, but only for convenience in calculations is the 
following simple solution proposed. Because the 
1685 level at altitude 5280 has already been partially 
developed, it is proposed that the level be extended 
into the Eldorado limestone to the site of drillhole E 
and that a vertical winze be sunk to obtain water. 

As a mathematical substitute for the winze and 
its short radial drifts for pump stations, a well 50 ft 
in radius at the site of drillhole E is proposed to 
unwater the orebody. Fig. 15 shows the drawdown 
calculated by the Theis nonequilibrium method for 
such a well pumping at the rate of 1000 gpm. The 
computations use a transmissibility of 24,000 gpd 
per ft and a coefficient of storage of 0.00067, which 
are average values for drillholes E and F which tap 
the orebody, and are modified by an impermeable 
boundary 5500 ft away. 

To make this illustrative example conform more 
closely to the conditions encountered in a typical 
mining problem, the following schedule is proposed 
for a new example of calculation. Assume that the 
levels in the shaft and the orebody are both to be 
lowered to the 2250 level in a 2-year period (730 
days) and also that as soon as the 1685 level at the 
shaft is unwatered, drifting will begin to open up 
additional locations to obtain water near the site of 
drillhole E. Further assume that about 200 days will 
be required for construction work on the 1685 level 
to obtain additional water from the Eldorado at this 
point. Assume that the shaft will be pumped at an 
initial rate of 8000 gpm until the 1685 level has been 
unwatered. 

Thus, in the new example, to recover the 1685 
level at the shaft, drawdown of 660 ft is required. 
At the rate of 8000 gpm (660/8 = 82.5) this will be 
accomplished in 60 days. In the same period the 
level in the Eldorado at drillhole E will have low- 
ered 269 (8x33.6) ft. In the next 200-day period 
(60 + 200) of construction the water level in the 
shaft will have declined 160 ft more or a total of 
102.5x8 = 820 ft. In the same period (60 + 200) 
the level at drillhole E will have lowered 113 ft or a 
total of 47.8x8 = 382 ft. This water level is 278 ft 
above the 1685 level, so that additional water must 
be obtained in the Eldorado to permit construction 
work to proceed on the drift extension. 

Two mathematical methods may be used to de- 
termine the amount of water to be withdrawn from 
the Eldorado during construction of the proposed 
drift from the Fad shaft to the site of drillhole E. 
Either a short ground-water trench can be assumed 
to coincide with the drift, or a well or winze source 
can be assumed at the site of drillhole E. Both 
methods require withdrawal of similar volumes of 
water for the same source and boundary conditions. 
Because a winze or well source is used in later com- 
putations, that type of source will be assumed here. 

From Fig. 15 it is determined that if 278/79.5 x 
1000 = 3500 gpm were withdrawn for the 200-day 
period the water level in the Eldorado limestone 
would coincide with the drift level. However, it is 
not physically possible to withdraw water for the 
whole period; therefore a larger amount must be 
withdrawn for a shorter time. Again for conveni- 
ence, assume that the unwatering takes place in the 
last 100 days of the 200-day period; on that basis the 
withdrawal must be at the rate of 278/72.5 x 1000 
= 3830 gpm. 

Although Fig. 14 was constructed to determine the 
effect of pumping at the Fad shaft on the water level 
at the site of drillhole E, it can be shown mathe- 
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Fig. 12—A semi-logarithmic time-drawdown graph of inter- 
ference of Fad shaft pumping on Locan shaft. Computations: 
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Fig. 13—A time-drawdown graph for water level in Fad 
shaft, pumping 1000 gpm. 


matically that pumping at the site of drillhole E has 
an effect on the water level at the Fad shaft approxi- 
mately equal to that shown in Fig. 14; thus this fig- 
ure may be used interchangeably for pumping at 
both sites in the following calculations. 

Withdrawal of water from the Eldorado through 
the drift or winze produces an additional drawdown 
at the shaft of 38.5 x 3.83 = 147 ft, see Fig. 14, so 
that at the end of 260 days of pumping 8000 gpm 
from the shaft and 100 days of withdrawal of 3830 
gpm from the Eldorado the water levels stand at 
the 1685 level in the ore block and 967 ft below the 
initial static level in the shaft. 

In the remaining 470 days of the scheduled period 
the water level must be lowered 258 ft in the shaft 
and 565 ft in the Eldorado limestone. Continued 
pumping in the shaft at the rate of 8000 gpm will 
lower the level to (8 X 116.5 + 147) = =1079 ft. 
Continued pumping at the rate of 3830 gpm in the 
Eldorado for 470 (570 — 100) days will further in- 
crease the lowering in the shaft by 64 ft [(55.2 — 
38.5) X 3.83]. Total drawdown in the shaft due to 
pumping at both places will be 1148 ft. 

After the water level in the Eldorado’ has been 
lowered to the 1685 level additional water must be 
withdrawn from that formation. As stated previ- 
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ously, it is proposed that a winze be sunk to accom- 
plish this withdrawal, although boreholes equipped 
with pumps would be equally satisfactory, and the 
amounts of water to be withdrawn would be about 
equal in each case. If the winze source is used, con- 
tinued pumping in the Eldorado at the rate of 3830 
gpm for 470 (570 — 100) days will lower the level 
65 ft [(89.5 — 72.5) x 3.83]. Continued pumping at 
the shaft for 470 (730 — 260) days also lowers the 
level in the Eldorado by 78 ft [ (57.5 — 47.8) x 8.0]. 
Owing to the continued pumping at past rates in 
both places the level in the Eldorado is 143 ft below 
the 1685 level or 422 ft above the 2250 level. To 
obtain 422 ft of lowering in the Eldorado by the end 
of the 2-year period the rate must be increased dur- 
ing the last 470 days. From Fig. 15 it is determined 
that 4820 (422/87.5) gpm of additional water must 
be withdrawn at the winze site during this period. 

During this period of 470 days the increased 
pumping at the winze will increase the drawdown 
at the shaft, see Fig. 14, by 53.3 x 4.82 = 257 ft. 
Total drawdown at the shaft will now be 1400 ft, or 
175 ft below the 2250 level. Theoretically pumping 
at the shaft could be reduced by 175/110.3 x 1000 = 
1590 gpm during the last 470 days, so that the water 
level would not be below the required 2250 level. 
If pumping from the shaft is reduced 1590 gpm the 
levels in the Eldorado will rise 85 (53.3 x 1.59) ft. 
This would require additional pumping from the 
Eldorado of 85/87.5 x 1000 = 970 gpm. By means 
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Fig. 14—A time-drawndown for water level at drillhole E 
caused by pumping 1000 gpm at Fad shaft. 
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Fig. 15—A time-drawdown graph for water level in a well 
50 ft in radius, in orebody at site of drillhole E, pumping 
1000 gpm, barrier boundary at 5500 ft. 
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of several adjustments of this nature it is determined 
that about 3830 + 6200 or 10,030 gpm must be 
pumped from the Eldorado and about 5750 from the 
shaft during the last 470 days of the 2-year period. 

To Summarize the Calculations: The pumping 
schedule indicates that the pumping rate from the 
shaft will be 8000 gpm for 260 days and then will 
gradually decrease to an average of 5750 gpm for 
the remainder of the 2-year period. For the El- 
dorado limestone there is no pumping for the first 
160 days; from the 160th to the 260th day the rate 
will be 3830 and from the 260th day to the 730th 
day will average 10,030 gpm. Such a pumping 
schedule will lower the water level from the initial 
static level, altitude 5940, to the 2250 level at alti- 
tude 4715 in a 2-year period. 

One detail in the complete appraisal of the water 
conditions remains, namely, the amount of water to 
be pumped to maintain the water level below the 
mine operations. This rate can be obtained by ex- 
tension of the rates required for unwatering and re- 
ducing the rate of pumping by an amount that will 
allow the water level to rise an amount equal to the 
drawdown that would occur during the period of 
extension. If no boundaries were present the ter- 
minal rates of pumping could be determined by ap- 
plication of the formula developed by Jacob and 
Lohman’ for nonsteady flow to a well in which the 
drawdown is constant. 

Discussion of Applications of Methods and Limita- 
tions of Data: Numerical values obtained in the 
example were presented only to illustrate the 
method; values would change for any other time or 
rate of pumping. The actual time and rates in any 
appraisal are dependent on good mining practice and 
knowledge of the geologic conditions. However, a 
discussion of the hydrologic factors is needed so the 
mining engineer can evaluate the degree of accuracy 
of his calculations. 

In the Eureka area the geology is complex in that 
the formations are discontinuous, and in places non- 
water-yielding formations abut more permeable 
formations. It might be expected that the hydrology 
would be similarly complex and that the infinite- 
aquifer type of analysis used in quantitative ground- 
water would not be applicable. However, the data 
obtained in the pumping test do not confirm any 
such assumption as to the complexity of the hy- 
drology; in fact, the opposite is true. The close fit 
of the type curve for an infinite aquifer to the test 
data in Figs. 4, 6, 8, and 10 during the period of 
pumping indicates that hydraulic continuity exists 
throughout the cone of unwatering in the forma- 
tions tapped by the Fad shaft, drillholes E and F, 
and. the Locan shaft. The straightline plotting of 
drawdown in Figs. 5, 7, 9, 11, and 12 further demon- 
strates the areal hydraulic continuity; if there were 
discontinuous conduits in the system the plotted 
data would be irregular. Close correlation of test 
data with an infinite-aquifer analysis modified for 
one boundary is justification for extensions, by the 
Theis formula, of the drawdowns for other times, 
distances, and rates of pumping. 

The range in the determined values for the co- 
efficient of transmissibility, Table II, for holes E and 
F is small. The magnitude of the values has been 
checked independently by the Theim method, which 
uses the slope of the water table at equilibrium. 
This check of data collected by the Eureka Corp. 
Ltd. in December 1948 and February 1953 confirms 
the magnitude of the coefficient of transmissibility 
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determined by the test. The values determined at 
the Locan shaft are low because the shaft did not 
penetrate the Eldorado limestone but tapped the 
Ruby Hill fault zone only. The Fad shaft also does 
not penetrate the Eldorado. Values for transmissi- 
bility are not expected to change during the un- 
watering process, but if changes occur the value 
would be reduced. 

The coefficient of storage has a very low numeri- 
cal value indicative of water confined between im- 
permeable beds. In the ore-block area the Secret 
Canyon shale is the confining layer, but the identity 
of the confining layer in the surrounding area is not 
known. It is probable that as unwatering progresses 
and the water level declines below the bottom of 
the Secret Canyon shale the storage coefficient will 
increase approximately to the specific yield of the 
limestone, not known but certainly larger than the 
storage coefficient. This would slow the rate of un- 
watering for the same rate of pumping. 

Boundaries of the ground-water reservoir tapped 
by the Fad shaft are unknown at this time. If the 
conduits (porous formations or fault zones) extend 
out and under the valleys north and west of the 
mine the boundaries of the reservoir are many miles 
away. Many faults are thought to extend from Ruby 
Hill into the valley area, but there is no knowledge 
as to whether these faults may be conduits for 
water. Measurements of the water levels in wells 3 
to 6 miles to the north and in the Holly shaft, 6600 
ft north of the Fad shaft, showed no changes that 
could be attributed to the test pumping. However, 
inconclusive evidence for 1949 indicates there may 
have been a lowering due to pumping in 1948. The 


Table lil. Volume of Water Required to Unwater 1685 Level in 
the Fad Shaft with Pumping at 12,000 Gpm, as Compared with 
Volume Required with Pumping at Lesser Rates 


Volume Ratio of Volume 
Days Re- of Water Pumped 
quired to Pumped at Lesser 
Pumping Recover in Period, Rate to 
Rate, 1685 Million Volume Pumped 
Gpm Level Gallons at 12,000 Gpm 
12,000 3 51.8 1 
10,000 17 245 4.73 
8,000 60 691 13.3 
6,000 450 3888 75.0 


30-day test indicates that one impermeable bound- 
ary was intersected by the cone about a mile from 
the Fad shaft. The data are inadequate for location 
of the boundary. There was no evidence of recharge 
from any outside source during the test. 

A resumé of all the conditions affecting the water 
levels and pumping rates indicates that a substantial 
degree of confidence may be placed in the extra- 
polated curves for drawdown at the Fad shaft and at 
the site of hole E. However, measurements of the 
rate of decline should be compared with the calcu- 
lations so that ideal curves can be modified to fit 
natural conditions. 

Rates of Pumping: Rates of pumping must be de- 
termined by judgment, modified by both the me- 
chanical possibilities of placing the required number 
of pumps at a given site and the probability of ob- 
taining these rates of flow from the formation. For 
example, it may not be possible to pump at high 
rates from individual wells or other excavations in 
the Eldorado, in as much as its transmissibility is 
not high enough. Consideration should be given also 
to the possible detrimental effects of pumping at 
high rates, for example, erosion of the fault opening 
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on the 2250 level such as occurred in 1948 when a 
rate of 9000 gpm was attained in the Fad shaft. 

However, rate of pumping must be high to reduce 
time of unwatering to a minimum to accomplish the 
project most economically. Assuming that cost of 
unwatering is directly proportional to the product 
of rate and duration of pumping, or the volume of 
water pumped, the following computations show the 
importance of reducing the duration or time of 
pumping. Table III shows the ratio of volume of 
water to be pumped, which is assumed to be the 
same as the ratio of cost, to recover the 1685 level 
for various rates of pumping in the Fad shaft, see 
also Fig. 13. 

Summary: Data were collected during a 30-day 
pumping test at the Fad shaft, Eureka, Nev., to gain 
information on the water-transmitting and storage 
characteristics of bedrock near the shaft. Methods 
of analysis of the pumping-test data were those used 
for determining yields of aquifers to conventional 
well installations. The method of appraisal of the 
water conditions is similar to the method of deter- 
mining amount and rate of lowering of the water 
level in a well field. To demonstrate a method where 
two wells (shaft and winze) are pumping from the 
same formation, a sample calculation is made illus- 
trating the effects of the drawdown caused by each. 

The average coefficients of transmissibility and 
storage for the Eldorado limestone were 24,000 gpd 
per ft and 0.00067, respectively. The coefficient of 
transmissibility for the Fad shaft was 16,400 gpd per 
ft. These values were used in extending drawdown 
curves for greater time periods, and the curves were 
modified to include the one impermeable boundary 
of which the effect was noted in the test data. Use 
of the curves in a sample evaluation of the water 
conditions indicates that the Eldorado limestone 
cannot be unwatered to the desired level by pump- 
ing from the shaft only, so that additional water 
must be withdrawn closer to the point of mining 
operations to unwater that formation. Sample cal- 
culations for the two points of pumping indicate that 
the heaviest pumping must take place within the 
Eldorado. 

The close adherence of these particular test data 
to the type curves for an infinite aquifer is justifica- 
tion for considerable confidence in calculations 
based on extension of the curves. However, even in 
such a case the mine operator should make sufficient 
checks of progress when unwatering is undertaken 
to determine if the close correlation persists with 
time and to make modifications in the program. 
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Technical Note 
Measuring the Tensile Strength of Rocks 
by Rudolph G. Wuerker 


le HE scarcity of values of tensile strength of rocks 

has been explained by the lack of successful 
testing procedures. In the case of mine rock a de- 
scription is given’ of the difficulties encountered in 
testing a cylindrical specimen, such as a core, by 
conventional methods. 

Over a period of years the following method has 
given definite and reproducible results with the 
weakest as well as with the strongest rocks. It does 
not completely supersede the use of cores with spe- 
cial fixtures but is a supplement in all cases where 
cores cannot be obtained, as from soft rocks, or in 
cases where it is less expensive to prepare test spec- 
imens by cutting them out of the rock instead of 
drilling cores. 

Principle and equipment are the same as for the 
test for tensile strength of hydraulic-cement mor- 
tar.” The test specimen, Fig. 1, has the shape of a 
briquet. While in the original cement mortar test 
the briquet is cast in a special mold, it is prepared 
from rocks in different ways, depending on how 
easily they can be cut and shaped. 

Soft rocks, which cannot be core-drilled with a 
earboloy or diamond bit, are simply hand-cut. Only 
two dimensions need be watched. The first is the 
l-in. diam at the narrowest cross-section of the bri- 
quet. The other critical measure is the radius of 
curvature of the waistline, as the roller supports in 
the grips have a fixed distance. This radius is 
ground out of the solid by means of a carborundum 
grinding wheel having a %4-in. radius. 

Medium hard rocks can be core-drilled with a 
carboloy bit. The resulting core can be used for 
nondestructive sonic testing first, and after that for 
any destructive test. By using an EX-bit and by 
carefully placing the coreholes, preferably by using 
a tenplate such as shown in Fig. 1, it is possible to 
obtain from the rock a punched sample from which 
numerous tensile briquets can be made. The out- 
side radius of the EX-bit differs from the radius of 
curvature of the briquet by ¥% in., but this still per- 
mits placing and aligning the specimen in the grips. 

In the case of bedded rocks the core might have 
bedding planes normal to the plane of the briquets, 
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and rocks can be tested in any arrangement of the 
bedding planes desired. 

Hard rocks, limestones, igneous, and metamor- 
phic rocks can only be diamond-drilled or diamond- 
cut. Here the method of getting the tension briquets 
by accurate placing of EX-drill holes is especially 
economical. The tops of the briquets made from 
hard rocks cannot be rounded; they are straight cuts 
made with a diamond cut-off saw and rounded off 
on a polishing wheel. 


1—Spacing of 


Fig. 
4 EX drillholes to ob- 


tain briquet tensile 
specimens. 


TENSILE SPECIMEN 


Results: As long as specimens broke over the 
waistline the results were considered acceptable. 
Further statistical treatment of the tests’ showed a 
satisfactory percentage of standard deviation. 

The tensile strength values obtained by this 
method do not represent true values because of the 
stress concentration caused by the curvature of the 
side of the piece and because of the closeness of the 
grips. The ratio of maximum to average stress at 
the plane of failure has been determined to be about 
1.75. All tensile strength values listed in Table I 
are corrected accordingly. 

To avoid this stress-concentration, if there are a 
sufficient number of cores, tensile strength can be 
measured by imbedding the cores in mortar in the 
two outer briquets in the gangmold.* 

Strain-Measurements: The applicability of the 
briquet specimens for strain observations was tested 
in the case of sandstone and shale. Two element 
Rosette SR-4 strain gages were used. Young’s mod- 
ulus and Poisson’s ratio, both in tension, were com- 
puted and found to be different from those in com- 
pression, determined during the same test series and 
from the same rock, see Table I. 
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Table |. Results of Tensile Tests 
ROCK DIORITE SHALE SANDSTONE POTASH-SALT 
s Minnesota Roof of Seam No. 6 McCleansboro Group, Mixture of halite 
OES Bell & Zoller Pennsylvanian, Salt- and sylvite, 
Mining Co., Fork River, 20 miles Carlsbad, N. M. 
Murdock, Il. east of Urbana, Ill. 
Grain size 1/16 to 1/64 in. Not recognizable About 1/64 in. % to ¥2 in. 
Load normal or parallel to bedding plane Undetermined Parallel orma Undetermined 
Number of specimens tested 3 
Number of specimens giving useful data 3 1538 216.5 402 
Tensile strength, corrected value, psi, avg 2550 4.7 10.7 
Standard deviation, pct : 
Young’s modulus in tension, psi, avg chao 0. eer 
Standard deviation, pct 0432 0.142 
Poisson’s ratio in tension, avg 0:33 915 


Standard deviation, pct 


Compression Tests 


Young’s Modulus in compression, psi, avg 
Standard deviation, pct 3 
Poisson’s ratio in compression, pet 


1.09x108 
1.65 


0.725x10¢ 
6.62 


0.103 0.418 
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Geophysical Case History 


Of a Commercial Gravel Deposit 


by Rollyn P. Jacobson 


HE town of Pacific, in Jefferson County, Mo., is 

27 miles west of St. Louis. Since the area lies 
entirely on the flood plain of a cutoff meander of the 
Meramac River, it was considered a likely environ- 
ment for accumulation of commercial quantities of 
sand and gravel. Excellent transportation facilities 
are afforded by two major railways to St. Louis, and 
ample water supply for washing and separation is 
assured by the proximity of the river. As a large 
washing and separation plant was planned, the prop- 
erty was evaluated in detail to justify the high initial 
expenditure. An intensive testing program using both 
geophysical and drilling methods was designed and 
carried out. 

The prospect was surveyed topographically and 
a 200-ft grid staked on which electrical resistivity 
depth profiles were observed at 130 points. The 
Wenner 4-electrode configuration and earth resis- 
tivity apparatus* were used. In all but a few cases, 


* Manufactured by the Geophysical Instrument Co., Division of 
the Generator Corp. of Manassas, Va. 


the electrode spacing, A, was increased in incre- 
ments of 14% ft to a spread of 30 ft and in increments 
of 3 ft thereafter. 

Initial drilling was done with a rig designated as 
the California Earth Boring Machine, which uses a 
bucket-shaped bit and produces a hole 3 ft in diam. 
Because of excessive water conditions and lack of 
consolidation in the gravel there was considerable 
loss of hole with this type of equipment. A standard 
churn drill was employed, therefore, to penetrate to 
bedrock. Eighteen bucket-drill holes and eight churn- 
drill holes were drilled at widely scattered locations 
on the grill. 

The depth to bedrock and the configuration will 
not be discussed, as this parameter is not the primary 
concern. Thickness of overburden overlying the 
gravel beds or lenses became the important eco- 
nomic criterion of the prospect.** 


** The term overburden is used to signify all material overlying 
gravel or sandy gravel. Soil and mantle refer to surface soil and 
secondary material derived from recent flooding. 


The wide variety and gradational character of the 
geologic conditions prevailing in this area are illus- 
trated by sample sections on Fig. 2. Depth profiles 
at stations E-3 and J-7 are very similar in shape and 
numerical range, but as shown by drilling, they are 
measures of very different geologic sequences. At 
J-7 the gravel is overlain by 15 ft of overburden, 
but at E-3 bedrock is overlain by about 5 ft of soil 
and mantle. 


R. P. JACOBSON is with the Sinclair Research Laboratories, Tulsa, 
Okla. 

Discussion on this paper, TP 3872L, may be sent (2 copies) to 
AIME before April 30, 1955. Manuscript, Feb. 16, 1954. New York 
Meeting, February 1954. 
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Stations L-8 and H-18 are representative of areas 
where gravel lies within 10 ft of surface. In most 
profiles of this type it was very difficult to locate the 
resistivity breaks denoting the overburden-gravel 
interface. In a number of cases, as shown by stations 
M-4 and H-18, the anomaly produced by the water 
table or the moisture line often obscured the anomaly 
due to gravel or was mistaken for it. In any case, 
the precise determination of depth to gravel was 
prevented by the gradual transition from sand to 
sandy gravel to gravel. In spite of these difficulties, 
errors involved in the interpretation were not greatly 
out of order. However, results indicated that the 
prospect was very nearly marginal from an economic 
point of view, and to justify expenditures for plant 
facilities a more precise evaluation was undertaken. 

The most favorable sections of the property were 
tested with hand augers. The original grid was fol- 
lowed. In all, 46 hand auger holes were drilled to 
gravel or refusal and the results made available to 
the writer for further analysis and interpretation. 

When data for this survey was studied, it immedi- 
ately became apparent that a very definite correla- 
tion existed between the numerical value of the ap- 
parent resistivity at some constant depth and the 
thickness of the overburden. Such a correlation is 
seldom regarded in interpretation in more than a 
very qualitative way, except in the various theoret- 
ical methods developed by Hummel, Tagg (Ref. 1, 
pp. 136-139), Roman (Ref. 2, pp. 6-12), Rosenzweig 
(Ref. 3, pp. 408-417), and Wilcox (Ref. 4, pp. 36-46). 

Various statistical procedures were used to place 
this relationship on a quantitative basis. The large 
amount of drilling information available made such 
an approach feasible. 

The thickness of overburden was plotted against 
the apparent resistivity at a constant depth less than 
the depth of bedrock for the 65 stations where drill- 
ing information was available. A curve of best fit 
was drawn through these points and the equation of 
the curve determined. For this relationship the curve 
was found to be of the form 


p=bD 


where p is the apparent resistivity, D the thickness 
of overburden, and b a constant. The equation is of 
the power type and plots as a straight line on log- 
log paper. 

The statistical validity of this equation was ana- 
lyzed by computation of a parameter called Pearson’s 
correlation coefficient for several different depths of 
measurements, see Ref. 5, pp. 196-241. In all but 
those measurements taken at relatively shallow 
depths, the correlation as given by this general equa- 
tion was found to have a high order of validity on 
the basis of statistical theory. 
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RESISTIVITY IN THOUSANDS OF OHM—CM 
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103 104 10> 


INOHM-CM (RESISTIVITY AT Q= 18 FEET) 
Fig. 3—Correlation of thickness of overburden with apparent 
resistivity. Equation of curve: log 6.85-2.2 log D. 


Details of the arithmetic involved in these calcu- 
lations will not be presented. Rather than this, an 
application of the basic principle outlined will be 
made to the data obtained in this survey and the 
results of empirical prediction analyzed with regard 
to known conditions. 

Fig. 2 is an isoresistivity map of the area con- 
toured on the apparent resistivity at a depth of 18 ft. 
Drillholes 1, 2, 3, 4, and 5 (large open circles) are 
representative of five different ranges in resistivity 
and are assumed to reflect the dependency of the 
apparent resistivity on the thickness of overburden 
over the entire area. For ease of illustration, ap- 
parent resistivities greater than 50,000 ohm-cms are 
not contoured. (Maximum values are given in thou- 
sands of ohm-cm by the small numbers at stations 
where this maximum occurs.) 

On Fig. 3 the apparent resistivity, p, at each of 
these five stations is plotted against the thickness of 


overburden, D, as determined by drilling. The equa- — 
tion of the best straight line through these points is 


log p = 6.85 — 2.2 log D 


(6.85 = log b). This equation was then solved for 
D at all stations on the grid. An isopach map of the 
overburden based on these predicted values of D is 
given in Fig. 4a. Fig. 4b is an isopach map of the 
overburden based on results of 65 drillholes. With 
minor exceptions, the maps are in close agreement. 

As a check on the overall dependability of the 
predictions, the total volume of overburden was 
computed by planimetric methods on each isopach 
map. The volume of material lying between the 
10-ft and 20-ft contours was measured, as the isopach 
map based on drilling has the best control between 
these contours. Computed volumes agree to within 
1 pct, well within the errors involved in contouring. 

Fig. 5 shows the distribution of error for the 65 
stations drilled. Although the maximum range of 
error is 14 ft, two-thirds of the 65 predictions are 
shown to be less than 2 ft in error. The frequency 
curve is roughly symmetrical about the 0-value of 
no error, indicating the compensating nature of the 
overall error. 

As in the present case, the empirical method out- 
lined here is very useful in integrating and evaluat- 
ing a large number of depth profiles as a unit using 
a few representative drillholes; only five drillholes 
were used to derive the equation as applied in the 
previous topic. Predicted thicknesses (or depths) 
can be related to changes in slopes or breaks on indi- 
vidual depth profiles as a guide to interpretation. 
In many cases very minor anomalies can be selected 
in favor of strong breaks that are unlikely choices 
on the basis of prediction. 

There is a second and possibly more important 
application of this procedure conjunction with hori- 
zontal resistivity profiling. The general use of hori- 
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Fig. 4a—Isopach map of overburden based on empirical results. 
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Fig. 4b—Isopach map of overburden based on drilling results. 


zontal profiling has been as a rapid reconnaissance 
tool to evaluate geological conditions qualitatively. 
Ordinarily very little information of a quantitative 
nature is derived from such surveys without resort 
to costly drilling and depth profiling. The following 
procedure outlines the merits of a rapid, economical, 
and reliable method of realizing the quantification 
of horizontal profiling. 1—Construct an isoresistivity 
map of the field data. 2—Drill a minimum number 
of points representative of the total range in ap- 
parent resistivity. Obviously, these drillholes must 
be located at points where electrical measurements 
were taken. 3—Derive an empirical equation relat- 
ing the apparent resistivity at some constant elec- 
trode spacing to the geologic condition of concern, 
i.e., thickness of overburden, depth to bedrock, and 
thickness of some intermediate horizon. 4—Solve 
this equation for all points where electrical measure- 
ments were taken. 5—If check drilling is performed, 
at least as many holes must be drilled as were orig- 
inally used to define the empirical equation used. 
This necessity is apparent in view of the nature of 
the distribution of error as shown in Fig. 5. On the 
basis of probability, one out of four holes would 
show an error greater than 2 ft and improper eval- 
uation of the method would result if only one such 
hole were drilled. 

From an economic point of view, this method does 
not involve the application or expense of any new 
technique or equipment not already a part of stand- 
ard electrical resistivity surveying. The drilling in- 
formation required is not in excess of the usual 
requirements for adequate calibration of electrical 
data. In fact, necessary drilling might easily be re- 
duced by the method. It must be emphasized that 
if no correlation between variables exists (a basic 
necessity of the method), little or nothing has been 
lost in the way of time or expense. The basic field 
procedures remain the same and the resultant data 
can be interpreted by ordinary methods. 
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Summary and Conclusions 

A very rapid and simple empirical method of inter- 
pretation of electrical resistivity data has been pre- 
sented. The method has shown itself to be very use- 
ful and reliable in application to a practical prob- 
lem. Applications of the method to other problems 
of the same genera! nature have been suggested and 
general procedures outlined. If the basic assumption 
necessary to the method proposed does not prevail 
in a given problem, all other interpretive measures 
ean still be realized, as no chapect in obtaining the 
basic field data are required. 

The author expresses thanks to the Missouri- 
Illinois Materials Co., St. Louis, Mo., for permission 
to publish this paper. 
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Pillar Extraction in the Pittsburgh Seam 
With Continuous Miners 


by W. E. Hess 


T the Vesta mines of Jones & Laughlin Steel 

Corp. on the Monongahela River, 35 miles south 
of Pittsburgh, JCM Joy continuous miners and 6-SC 
shuttle cars are used for pillar extraction in the 
Pittsburgh seam. The entire output of the mine goes 
into coke production for blast furnace operation. 

Because this coal, which has high metallurgical 
qualities, is close to the place where it is ultimately 
used and because supplies with these properties are 
being rapidly depleted, complete recovery is essen- 
tial wherever possible. With the introduction of the 
continuous miner into the Vesta mines, therefore, it 
was necessary to plan a project which would facili- 
tate development and provide fer future total re- 
covery. Use of continuous miners under varying 
conditions has necessitated changes with regard to 
roof action, method of development, method of pil- 
lar attack, and innovations in mining. In the follow- 
ing pages these changes will be discussed. 

Prior to the introduction of continuous miners the 
Pittsburgh seam at the Vesta mines averaged 72 in. 
of mineable coal, overlain with 12 to 16 in. of draw- 
slate, which weathers on exposure to air and is not 
firm enough to be held in place. Immediately over- 
lying the drawslate is a wild or rooster coal, very 
irregular in thickness, varying from 12 to 30 in. 
Above the rooster coal the strata consists predomi- 
nately of shales or lime shales and sandstone. Just 
before the introduction of continuous miners in the 
Vesta mines, however, a definite change took place 
in the character of the roof structure overlying the 
coal seam, see Fig. 1. 

Thickness of laminated roof immediately overly- 
ing the rooster coal varies with localities and intro- 
duces a problem in roof control. In fact, a set of 
eight main entries being developed in Vesta No. 4 
mine entered an area with so difficult a roof struc- 
ture that management considered abandoning the 
section altogether. In this locality the roof consisted 
of thin alternate layers of roof coals and shales, with 
an occasional irregular seam of slick slate, the whole 
being laced with slips, and the coal itself being cut 
by clay veins and spars. In an effort to overcome 
some of the difficulties, roof bolting was introduced 
in 1949. This made it possible to recover coal from 


W. E. HESS, Member AIME, is Manager of Coal Mines, Jones & 
Laughlin Steel Corp., California, Pa. 
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an area which otherwise would have been econom- 
ically unmineable. There have been very few roof 
bolt failures. 

When conventional machines were replaced by 
continuous miners there were changes in the devel- 
opment of butt entries. By these changes it was 
hoped: 1—to speed development, 2—to provide as 
much solid coal as possible for the machine on re- 
treat, 3—to avoid the necessity of crossing entries 
already driven, 4—to facilitate ventilation, 5—to 
provide a roadway for shuttle car haulage which 
would eliminate the necessity of running through 
doors or curtains, 6—to provide better roof control 
by increasing the distance between the center lines 
of entries, and 7—-to provide more coal when the 
machine was in position to load. 
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Fig. 1—Stratigraphic column of present coal-producing area. 
Thickness of laminated roof overlying the rooster coal varies, 
introducing roof control problems. 
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Fig. 2—The present method of development for pillar ex- 
traction in the Pittsburgh seam with continuous miners. 


The ventilation plan for working faces in a three- 
entry development butt entry placed the middle 
entry on the intake, the volume of air dividing right 
and left and returning on the outside entries. This 
method makes it possible to eliminate all doors and 
curtains on the haulways and assures that all dust 
created by the machine operation is carried away 
from the operator and is returned behind the line 
brattice. 

Roof control on development is important so that 
entries will remain open for retreat work without 
an excessive amount of retimbering. Roof bolting 
can be of material help but must be done in con- 
junction with the operating cycle. Although the 
greatest benefits are obtained from roof bolting per- 
formed immediately after coal extraction, more men 
are required than for conventional timbering, and 
there are longer periods of delay. For these reasons 
roof bolting was not employed in development with 
continuous miners. 

Since the drawslate overlying the Pittsburgh seam 
weathers on exposure to air and is not firm enough 
to be held in place, it must be taken by the continu- 
ous miner as the entries are developed, and more 
maintenance is required than is needed on machines 
extracting coal only. Since the machine tears loose 
large flakes as it cuts through the coal and slate, it 
does not have the grinding action that may be an- 
ticipated with the usual cutting. This is due in part 
to the fact that the slate is open on three sides and 
separates easily from the coal roof immediately 
overlying it. 

Several factors influenced the decision to carry 
out all development with conventional machines so 
that the continuous miners could be taken off entry 
development and placed on retreat work on pillar- 
ing: 1—the severe treatment of the continuous min- 
ers during cutting of drawslate in solid work; 2— 
the possibility of setting roof bolts for better roof 
control wherever conventional machines are used; 
3—the introduction of hand-held hydraulic drills 
mounted on the cutting machines, which made it 
possible to eliminate one working place and use a 
smaller crew; 4—the need for a more economical 
method of providing loading points at a right angle 
to the mine car, which would require a minimum 
time for préparation; and 5—the fact that coal pro- 
duced by the continuous miner on retreat is much 
more coarse and the slate in larger pieces than that 
produced by the same machine in development. 
This is a considerable help in the preparation plant. 

Fig. 2 shows the method of development used 
for pillar extraction in the Pittsburgh seam with 
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continuous miners. The number of entries has been 
increased from three to four, principally to supply 
sufficient working places for all crew members to 
work. The block of coal between the haulway and 
the solid rib is smaller in size, as it gets some pro- 
tection from the solid coal and permits rapid extrac- 
tion. Loading points are established at the mouth of 
each room, permitting entry stumps to be extracted 
in regular sequence. 

Since there was better success with rooms driven 
on the butts, it was decided to do as much room 
work on the butts as possible. Accordingly, two 
rooms were driven on the faces, and from these it 
was planned to drive rooms on 25-ft centers, 13 ft 
wide, leaving a 12-ft pillar, which would be re- 
covered on retreat after the rooms had been driven 
a distance of 200 ft. The character of the roof over- 
lying the seam would not permit continuing this 
method of mining, as the small pillar started to 
crush, leaving no proper protection for equipment 
and men. 

In the next plan, rooms were driven on 100-ft 
centers, one at a time. After 100 ft a breakthrough 
was turned and driven into the gob area. The ma- 
chine dropped back, halfway through the break- 
through, and drove a place through to the gob on 
the same course as that on which the room was 
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Fig. 3—The sequence of driving the individual rooms and 
pillar lifts according to the present method is indicated by 
consecutive numbers. 


Fig. 4—Consecutive numbers show sequence of driving rooms 
and pillars. Layout is planned to permit shifting loading 
points with least time loss. 
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Hand Loading 


1—Long pillar drive, extending 
Over several butt headings, to 
obtain production. 


2—Slow progress of the pillar 
line. 


3—Inability to control because 
of unequal ability of personnel, 
absenteeism, presence of natural 
difficulties (spars, etc.). 


4Absence, of necessity, of very 
closely controlled ventilation, 
time being a factor in release 
and dissipation of methane. 


5—Absence of large quantities 
of dust in suspension. 


6—Less rigid timbering require- 
ments. 


7—Men at working places idle 
until others finished, 


8—No necessity for rock dusting. 


Mechanical Loading 


1—Shortening of pillar line, av- 
eraging 8 to 12 working places, 
generally confined to one butt 
heading. 


2—More rapid progress of pillar 
line. 


3—Exclusive control by foreman 
in charge, who designates where 
equipment will work and assigns 
working positions to men to en- 
courage leading in production 
on multiple-shift operation. 


4Controlled ventilation neces- 
sary; however, if any one place 
is in trouble, others are available. 


5—Dust problem present, but 
not of prime importance. 


6—Timber requirements more 
rigid. 


7—Men at working places re- 
main idle only briefly while 
others on same piilar line work. 


8—Possibility of rock-dusting on 
an off shift by personnel other 
than crew members. 


Continuous Miner 


1—Pillar line shortened. Only 
one working place available at 
one time for best control, less 
movement of equipment, and 
possibility of less operating per- 
sonnel. 


2—Very rapid progress of pillar 
line. 


3—Impossibility of deviation 
from controlled plan; only one 
working place available, and any 
change would throw pillar line 
out of sequence. 


4—Urgent necessity of controlled 
ventilation, as the one working 
must be kept free from place ac- 
cumulation of gas caused by gen- 
eration, roof falls, etc. 


5—Dust problem very acute, re- 
quiring close attention. 


6—Very rigid timbering require- 
ments, aS machine is working 
very close to gob area, and pro- 
tection and warning to operator 
must be provided. 


7—Since machine works in one 
place, pillar line is kept under 
control, although one shift may 
suffer from lack of production. 


8—To comply with present re- 
quirements, rock dusting must 
be done on shift by operating 


personnel. 


driven. From this pillar split, three 15-ft lifts were 
driven through the half block. The 8-ft fender be- 
tween the lift and the gob was recovered as the 
machine retreated and afforded protection for equip- 
ment and men until the coal was totally extracted. 
Driving through to the gob then completed the orig- 
inal room, and the process of lifts was repeated. 
Two rooms were completed before entry stumps 
were recovered. Experience indicated that this 
method left stumps extending too far into the gob, 
required too long a period to prepare loading points 
for moving from one location to the next, and neces- 
sitated considerable track work. 

Consecutive numbers in Figs. 3 and 4 show the se- 
quence of driving individual rooms and pillar lifts 
according to the present method, which permits 
moving the loading points in a very short period of 
time. Because the entries are roof-bolted, they are 
less liable to be affected by roof failure. Prepara- 
tions are made during development for all loading 
points, by widening out when the rooms are turned 
and making the loading point cavity in the roof. 

Originally, without roof bolting, haulage entries 
were timbered with 7x9-in. timbers; use of 5x7-in. 
timbers together with roof bolts has helped to re- 
duce costs. 

All pillar lifts are timbered as they are driven, 
and at least two cribs are set at the mouth of the lift 
on line with the rib of the fender. When retreating 
the rib or the fender, it is not necessary to do any 
timbering, because the operator at no time is out 


164—MINING ENGINEERING, FEBRUARY 1955 


from under the timber set during the time that the 
pillar lift is driven. 

Since the continuous miner is confined to one 
working place, and it is imperative that the machine 
not be held up because a previous lift has not fallen 
or caved, particular attention must be given to the 
recovery of all coal in the fender which would tend 
to retard the fall. If for any reason the fall does not 
come on schedule, it has a tendency to increase the 
pressure on the fender and so weakens the roof over 
the lift being mined. 

As stated previously, the coal and slate produced 
by the continuous miner on retreat is a coarser prod- 
uct than that produced by the same machine on de- 
velopment. The main factor affecting this is that the 
machine on development must cut to the top of the 
seam and through the drawslate. When pillars are 
extracted it is seldom necessary for the machine to 
cut more than two-thirds of the way up the seam; 
the remainder has a tendency to fall and then can 
be loaded up. For this reason most of the slate re- 
mains in good-sized pieces and in this condition is 
less harmful to the water system in the preparation 
plant. When extracting pillars, it is not necessary to 
use as much water in the spray system as on devel- 
opment, because it is not usually necessary to cut 
the drawslate. Cutting hard drawslate produces a 
large amount of fine dust which is thrown in sus- 
pension. Drier coal can help materially in the prep- 
aration plant, especially when dry screening is em- 
ployed ahead of any washing. 
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: As stated earlier in this discussion, it is imperative 
in the mining of the Pittsburgh seam that the largest 
percentage of recovery possible be achieved. In op- 
erating the miners on complete pillar extraction 
experience has shown that recovery has been im- 
proved 14 pct as compared with that obtained by 
conventional mechanical units, despite the fact that 
the natural conditions under which the continuous 
miners are working are far less favorable than con- 
ditions under which the conventional units have 
operated. This is especially true when their total 
recovery is compared to that obtained by hand load- 
ing. To date extraction of pillars on 8 butt entries 
has been completed, with a very small loss of coal 
in pillars due to any cause other than natural condi- 
tions, such as spars or clay veins. Because of roof 
conditions and because no territory or entry can be 
allowed to stand, all blocks that have been devel- 
oped are now extracted and bleeders are provided 
at the top end of the butt headings. 

Extracting pillars with the continuous miners re- 
quires more attention to detail and the following of 
a more definite plan for extraction than any method 
heretofore employed. Just as the entire personnel 
of a mine, supervisor and worker alike, had to 
change their line of thinking when changing from 
hand-loading to mechanical loading, operating per- 
sonnel will have to be re-educated to cope with the 
new principles of concentration and roof control ac- 
companying this modern method of pillar extrac- 
tion. Some of these details are enumerated here for 
comparison, see opposite page. 

The history of the mining industry records in- 
numerable periods of shutdowns from one cause or 
another, some of short duration, others long. These 
have been due to local and national strikes, eco- 
nomic conditions, and planned economy. Each sus- 
pension of operations presents a problem to operat- 
ing personnel, as it entails the protection of working 
places underground, especially on pillar lines when 
the suspension of operations cannot be planned in 
an orderly manner. These suspensions of operations 
have been a major contributing factor to the loss 
of coal in pillars which have been subject to undue 
pressure during the idle period. The loss of coal is 
more serious in conventional mechanical loading 
and hand-loading sections than on continuous miner 
piliar lines, where there is only one active working 
place. It is equally true that the re-opening of any 
pillar line after a suspension of operations costs an 
exorbitant amount of money, because of the number 
of working places that must be made available for 
the full complement of the crew, while the continu- 


ous miner requires that only one place be made 
available. 

The power demand for continuous miners ex- 
tracting pillars is by no means as great as it is for 
machines on development. Machines on develop- 
ment must rip the coal from the solid face, and 
while this is severe, it does not equal the work load 
placed on the machine when the drawslate must be 
cut. On development, power demands usually go up 
to 100 kw, the extreme demand being on the initial 
sump and at the time drawslate is cut; power de- 
mand on pillar work usually is 65 to 70 kw. 

It follows that continuous miners on development 
in the Pittsburgh seam require considerably more 
maintenance than those on pillar extraction because 
of the severe treatment given the machine and the 
work load imposed on it. The cutter head, in its 
ripping action, goes from cutting coal to cutting 
very hard drawslate, and the attendant shock of the 
loader cutting from coal to slate is transmitted from 
the cutter chain back through ali the gear train of 
the machine. It also has an effect on the cutter 
chains, messenger bearings, and frames of the ma- 
chines. Bit costs of approximately $0.16 per ton on 
development have been high, mainly because of 
chipping of the tungsten carbide bits, while ma- 
chines on retreat have bit costs of approximately 
$0.06 per ton. 

Since the continuous miner is working in only one 
place at a time, it would seem that the foreman 
could supervise more than one machine. However, 
so much attention must be paid to the detail of each 
operation that a foreman for each crew more than 
pays his way in increased production per unit shift, 
coal recovery, and protection of equipment and 
working places. Rooms and pillar lifts must be 
turned at the proper time and place, each lft must 
be driven the correct width to leave sufficient pro- 
tection against the gob to insure recovery of all 
stumps so that no weight will be carried over into 
the active works, particular attention must be paid 
to the timbering and cribbing of each place, rock 
dusting must be done at the proper time, and ad- 
vantage must be taken of any minor delays so that 
timbering or rock dusting can be done. 

Although at present all the continuous miners are 
being operated on pillar recovery in the Pittsburgh 
seam, it is planned to do some developing with the 
miners in the future. Present economics point to 
continuance of the adopted practice, since it is be- 
lieved that an attempt to provide enough working 
places for a conventional mechanical loading section 
in the territory now being worked would offer a 
severe handicap. 


Technical Note 


Pillaring with Continuous Miners 


by Stephen Krickovic 


S it is‘commonly understood in the bituminous 
A coal mining industry, pillaring means removal, 


S. KRICKOVIC, Member AIME, is Chief Engineer, Coal Division, 
Eastern Gas and Fuel Associates, Pittsburgh, 19, Pa. 

TN 235F. Manuscript, March 2, 1954. New York Meeting, Feb- 
ruary 1954. 
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as completely as is practical, of all pillars formed in 
the development of headings and rooms on first 
mining. The degree to which this can be accom- 
plished, termed percent of recovery, is of course de- 
pendent generally upon the physical conditions of 
the bottom and the overburden, the system of min- 
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ing used and the strictness of enforcing this system; 
the continuity of operation; and the success of mak- 
ing the first major roof break on a new pillar line. 
While these factors presented a challenge and at 
times insurmountable problems, even to good 
miners in hand loading operations both past and 
present, their effect on the cost of mining was usu- 
ally not too serious because the distress tonnages 
were relatively small. 

But this is not the case with mechanical mining 
today. A disturbance in one or two working places 
on a pillar line can upset production and the cost 
from that particular section seriously. In one mine 
the total daily production was reduced by about 10 
pet during a limited period because of distress in 
two of the six active pillar sections. Needless to say, 
the cost suffered comparably. 

Undoubtedly, there are many who have experi- 
enced pillaring problems with conventional loaders 
under top that was difficult to support. Some may 
have decided that pillar mining was impractical 
under such conditions. Also, they may know of ex- 
amples of troublesome pillaring with top that is 
considered average, and it is this situation particu- 
larly which points to the damage done to roofs by 
conventional mining. Blasting shatters the imme- 
diate roof in varying degrees, producing a dead 
weight of broken rock that often defies practical or 
economical timbering. With its aggravation of the 
adverse effect produced on the immediate roof by 


the major weight along a pillar line, this can be 


largely responsible for higher pillaring costs result- 
ing from close timbering and appreciable retimber- 
ing, from cleanup of falls, and from lack of ade- 
quate space for free maneuverability of equipment. 
There are many examples of performance by con- 
ventional mobile loaders in development that are 
superior to those in pillars in the same mine by 
approximately 25 pct of the total face labor cost. 

Is it possible for continuous miners to alter this 
picture? The answer is yes. As to how, that will 
depend on conditions in each mine. First of all, it is 
necessary to recognize a few basic changes in the 
usual concepts of roof control as a result of continu- 
ous mining. This can best be illustrated by several 
actual examples. 

In a northern West Virginia mine, in which the 
Pittsburgh seam is mined, the author observed on 
several occasions the conditions in a room heading 
which was developed by a Joy continuous miner 
and retreated under a plan of full extraction. De- 
spite the fact that very little timbering (bolts) was 
used in development, no falls had occurred in the 
two headings and their breakthroughs adjacent to 
the mined-out area for a distance of approximately 
600 ft. In fact, no falls were found even in some 
of the breakthroughs ending in the gob and without 
the customary line of breaker posts. Top conditions 
along the entire pillar line could be described as 
excellent. In a comparable section with conventional 
loading facilities the top conditions were appreciably 
inferior. 

Similarly, the use of the Marietta boring type of 
continuous miners was observed in an Illinois mine 
both in development and in retreat (pillaring). 
Here, as in the first example, only relatively few 
bolts were used in development. However, the 
timbers used in the West Virginia mine were not 
used here in pillar lifts and in retreat of fenders. 
If during mining in a lift the roof became heavy, 
the miner was backed out and the roof bolted. If 
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that did not suffice, the miner was moved out and 
the remaining block of coal, if appreciable in size, 
approached from another position. Actually, the 
roof support in the mining of a standard pillar was 
obtained by leaving small stumps of coal which 
were crushed out by the 800 ft of cover. This crush- 
ing was facilitated somewhat by a soft streak in the 
seam. Lack of disturbance by blasting of the im- 
mediate roof, the arch effect from boring, and the 
speed of retreating a whole pillar are largely re- 
sponsible for the successful pillaring operation. 
Another example of roof behavior under con- 
tinuous mining can be found in the operation of a 
German planer in a southern West Virginia mine in 
which the Pocahontas No. 4 seam is mined. Here 
the seam is overlain directly with about 30 ft of 
laminated shales and slates. Additional shales and 
slates, together with sandy shales and sandstones 
ranging in bed thickness from 15 to 80 ft, comprise 
the 500 to 900 ft of cover. Considerable roof pres- 
sure is evident in the conventionally mined devel- 
opment areas. This is marked by very heavy top 


' and by the finely laminated beds of slates or shales 


appearing directly above the coal seam after the roof 
falls out or after it is shot for haulway clearance. 

On the semi-longwall face the picture is changed. 
Despite the fact that roof pressure is exerted, and 
sometimes appreciably, on the steel props and beams 
and wood cribs, the fine laminations are non- 
existent. The author has observed a number of 
times a mass of solid rock 4 to 6 ft thick and 10 to 
20 ft long which had fallen in the normal breakage 
of the roof behind the back line of supports. While 
this is a different type of continuous mining, it 
nonetheless illustrates the change in character of 
the immediate roof. 

Thus the behavior of the immediate roof, which 
is usually the troublesome portion, is favorably 
different in continuous mining from that in con- 
ventional mining. The time element and the reten- 
tion of practically the original character of the roof 
will facilitate more successful methods of pillaring. 
Mining men will need to orient their sights, there- 
fore, on how best to handle the roof. Old ideas may 
be totally outmoded. What is considered question- 
able and dangerous under present methods may 
prove to be the opposite in the coming mechanized 
mining era. 

The final point about pillaring with continuous 
miners pertains to the increased productivity of the 
units. It has been observed in some cases that the 
rate of performance in pillars is twice that in de- 
velopment. Assistance from the roof weight un- 
doubtedly plays a major part in this very large 
difference. It may be concluded, therefore, that 
continuous mining plans should include pillaring, 
unless the economic advantage would be nullified 
by physical characteristics of the seam and the roof 
which would prevent uniform recovery. It should 
be noted here also that the assistance from roof 
weight can be obtained to a certain overall degree 
in partial mining. In such plans more satisfactory 
recovery can be achieved than is being accomplished 
today by conventional mining, primarily because 
there are fewer working places required and con- 
sequently speed of mining is increased. 

It should be emphasized that continuous mining 
involves a new and different concept. Although 
there will be drawbacks, its potential, intelligently 
exploited, is tremendous. 
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Structural and 
Stratigraphic Control 
of Ore Deposition 

in the West Shasta 
Copper-Zinc 


District, California 


by A. R. Kinkel, Jr. 


HE Shasta copper-zine district of northern Cali- 

fornia lies in the foothills of the Klamath Moun- 
tains at the northern end of the Sacramento Valley. 
It contains two main areas of base-metal ore deposits, 
the East Shasta and West Shasta districts shown in 
Fig. 1. The East Shasta includes the area from the 
Afterthought mine, near the settlement of Ingot on 
U. S. highway 299 East, to the Bully Hill mine, on 
the north side of the Pit River, 9 miles to the north- 
west. The West Shasta, a well-defined northeast- 
trending district about 8 miles long and 2 miles wide, 
west of the Sacramento River, Fig. 2, is the west- 
ern part of the ore-bearing area formerly known as 
the Shasta copper belt. Referred to in the older 
writings as acopper arc, this belt was thought to form 
a crescent extending entirely around the head of the 
Sacramento Valley, the convex side to the north. 
Recent studies by the U. S. Geological Survey in 
cooperation with the California State Division of 
Mines show that there are two districts, one at each 
end of the so-called copper arc, which are distinct in 
geologic structure and ore occurrences, and that there 
is only sporadic and unconnected copper mineral- 
ization between them. 


A. R. KINKEL, JR., is with the U. S. Geological Survey, Washing- 
ton, D. C. 

Discussion on this paper, TP 39661, may be sent (2 copies) to 
AIME before April 30, 1955. Manuscript, Aug. 20, 1954. Chicago 
Meeting, February 1955. 
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Fig. 1—Index map of the Shasta copper-zinc district, California 


Ore deposits of the two districts are similar in 
mineralogy, that is, they are largely massive pyritic 
ores containing copper and zinc with minor amounts 
of gold and silver, but the structure and structural 
control of ore deposition are different. The ores of 
the East Shasta district are replacements of steeply 
dipping shear zones in Triassic rhyolite and shale, 
whereas those of the West Shasta district are re- 
placements of gently dipping rhyolite of Middle 
Devonian age and are essentially flat-lying. Thus 
there is marked lateral control of orebodies by shear 
zones in the East Shasta district and equally marked 
vertical control of orebodies by the stratigraphy in 
the West Shasta district. 

Geologic Setting 

The Paleozoic rocks of the West Shasta district 
range in age from Middle Devonian (?) to Missis- 
sippian. The oldest formation exposed is the Copley 
greenstone, probably Middle Devonian. It is com- 
posed of volcanic flows, voleanic breccias, and tuffs, 
all of mafic composition, but contains minor amounts 
of shale and rhyolitic tuff. Largely submarine in 
origin, it rests upon a base of older marine sedi- 
ments, as shown diagrammatically in Fig. 3. The 
lower part of the formation is made up principally 
of flows, many of which are ellipsoidal, and the upper 
part contains most of the pyroclastic material. The 
formation is at least 3700 ft thick. 

The Balaklala rhyolite overlying the Copley green- 
stone is made up of many rhyolitic flows and beds 
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Fig. 2—Location and generalized geology of the West Shasta 
copper-zinc district, California. 


of coarse to fine-grained rhyolite pyroclastics, which 
together form a broad elongate volcanic pile, shown 
diagrammatically in Fig. 4. Although the rocks of 
the Balaklala include many lithologic types that can 
be mapped separately, they are almost identical 
chemically and petrologically. The mode of forma- 
tion of the rocks and their reaction to the secondary 
processes to which they have been subjected account 
for the difference in appearance between one rhyolite 
and another. Where the rhyolites are fresh and are 
not deformed they are typically hard light gray or 
light green felsitic rocks, many containing mega- 
scopically visible quartz and feldspar phenocrysts. 
In different flows the number of phenocrysts and 
their sizes differ, and this feature, in conjunction 
with bedded pyroclastic rocks, has been used to dis- 
tinguish flows that are otherwise identical. 

The Balaklala rhyolite is a complexly interlayered 
broad volcanic pile that is probably 3500 ft thick in 
the central area of rhyolitic eruption. It is largely 
submarine in origin, although part may have ex- 
tended above sea level locally as voleanic islands. 
The volcanic rocks were extruded over a period of 
time from numerous widely separated vents, yet a 
recognizable stratigraphy is present in the pile, and 
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the volcanic rocks that were extruded early in the 
sequence can be mapped separately from those ex- 
truded later. Geologic mapping has shown that there 
was progressive crystallization of phenocrysts of 
quartz and feldspar in the magma chamber from 
which the flows were derived, and although there 
are many exceptions and reversals, the earliest and 
most widespread flows were nonporphyritic, the next 
contained phenocrysts of quartz 1 to 4 mm in diam, 
and the latest contained coarse quartz phenocrysts 
over 4 mm. The Balaklala is subdivided into three 
units; the nonporphyritic rhyolite is the lowest, the 
rhyolite with medium phenocryst the middle, and 
the rhyolite with coarse phenocryst the upper unit. 
These lithologic types have been used as map units, 
although it was found that they must be used with 
caution. For example, later rhyolites intruded earlier 
flows as dikes and sills and are not always distin- 
guishable; some vents were quiescent for long periods, 
with the result that some types of flows are absent 
in certain areas; many flows are long but limited in 
breadth; and lavas from different vents interfinger. 

A determination of the stratigraphic sequence in 
the rhyolitic volcanic pile was essential to the study 
of the ore controls, as orebodies were found to occur 
within a limited stratigraphic range. The strati- 
graphic horizon, Fig. 4, in which ore was later de- 
posited is in the upper part of the middle unit of 
the rhyolite. 

The Kennett formation of Middle Devonian age 
was deposited around and possibly over the rhyolitic 
volcanic pile, Fig. 5. The Kennett is composed pre- 
dominantly of black siliceous shale and limestone, 
but gray shale and rhyolitic tuff are present. The 
rhyolitic tuff is interbedded with shale, and locally 
it grades downward through a transition zone to 
rhyolitic tuffs that at places form part of the upper 
unit of the Balaklala rhyolite. 

The Bragdon formation of Mississippian age ap- 
parently overlies the Kennett formation conform- 
ably in the mapped area, although outside this area 
warping seems to have uplifted part of the Kennett, 
and an erosional unconformity separates the Bragdon 
from the Kennett. The Bragdon formation is largely 
composed of shale, but it also contains beds of con- 
glomerate, grit, and sandstone. 

The Mule Mountain stock of albite granite intrudes 
the Copley greenstone and the Balaklala rhyolite in 
the mapped area, Fig. 2. It is a soda-rich siliceous 
intrusive rock composed principally of albite and 
quartz with minor amounts of epidote and, locaily, 
hornblende. It is probably Late Jurassic in age but 
was intruded before the Nevadan orogeny was com- 
pleted and is syntectonic. 

The Shasta Bally batholith is a_ biotite-quartz 
diorite resembling parts of the quartz diorite of the 
Sierra Nevada. In the mapped area it intrudes the 
Copley greenstone, the Bragdon formation, and the 
albite granite, and to the west of the mapped area it 


Fig. 3—Diagrammatic cross-section of the Copley greenstone. 
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Fig. 4—Diagrammatic cross-section of the Balaklala rhyolite after deposition. Vertical scale exaggerated. 


is overlain unconformably by rocks of Early Creta- 
ceous age. A post-tectonic intrusive that was not 
deformed by the Nevadan orogeny, it is also of Late 
Jurassic age. 

Fig. 6 illustrates diagrammatically how the present 
erosion cycle has cut through the thick cover of 
overlying shale and exposed the folded ore-bearing 
zone in deep canyons cut in the Balaklala rhyolite. 
Practically all the orebodies that have been found 
are those cropping out on the canyon walls and 
forming prominent gossans. A few concealed ore- 
bodies have been located by drilling, but much of 
the ore horizon, which in parts of the area is con- 
tinuous between canyons under a cover of the 
younger rhyolite, has not been explored. This sec- 
tion shows in more detail the stratigraphic position 
of the ore zone in the upper part of the middle unit 
of the Balaklala rhyolite. 

The Paleozoic rocks in the West Shasta copper- 
zine district have been folded into a broad arch that 
contains many small folds and forms a broad, low 
anticlinorium; the axis trends N 15° E in the central 
part of the mineral belt, Fig. 7. The arch has a low 
culmination in the central part of the mining dis- 
trict; in the northern part of the district north of 
the Mammoth mine it plunges gently northward. 
The south end of the arch is disrupted by intrusives. 
Most bedding and flow contacts in the rocks of the 
mineral belt have gentle dips, generally less than 
30°, and although the rocks are warped into many 
broad folds and domical structures, they are not 
strongly folded except in local areas. Folding is 
strongly developed where there is a great difference 
in the competence of adjacent rocks, as between 
conglomerate and shale, or where thin-bedded tuff 
of the Copley is interlayered with massive flows, if 
these beds are in zones of deformation. Variation in 


Bragdon formation 


Kennett formation 
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the amount and degree of folding is apparently due 
largely to lenticularity of flows and small intrusives 
and the consequent abrupt differences in competence. 
Regional stresses were transformed by a body of 
heterogeneous rock into many local stresses of dif- 
ferent intensity and direction. 

Many of the rocks in the mineral belt are weakly 
foliated or sheeted; strongly foliated rocks occur in 
local bands. The rocks range from schist and gneiss 
through moderately folded rocks with fracture cleav- 
age to rocks that are practically undeformed. In 
parts of the district foliation is parallel to bedding; 
in other parts it cuts across the bedding. Where 
foliation is most intense primary textures and min- 
erals are destroyed, and in these areas it is rarely 
possible to determine the relationship between folia- 
tion and bedding. The distribution of strongly and 
weakly foliated rocks depends in detail on the com- 
petence of the different rocks, in part on buttressing 
effects that determined the local stresses, and in part 
on the location of large masses of intrusive rocks. 

Two types of foliation are present. One is a steeply 
dipping planar structure ranging from widely spaced 
jointing or closely spaced sheeting to fracture cleav- 
age with the development of films of aligned second- 
ary minerals along closely spaced planes. In this 
type of planar structure the rock between cleavage 
planes is unaffected. Flow cleavage, in which all the 
rock minerals have been oriented by stress, is de- 
veloped locally along zones of intense movement, 
but such zones are rare in the minerals belt. 

The second type of foliation common in the min- 
eral belt is bedding-plane foliation developed by 
flexural-slip folding. Even though most of the fold- 
ing is gentle, bedding-plane foliation is locally well 
developed, probably because of the great differences 
in competence in the layered rocks. This type of 


Fig. 5—Diagrammatic cross-section of the Kennett and Bragdon formations after deposition. Vertical scale exaggerated. 
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Fig. 6—Diagrammatic cross-section of the West Shasta copper-zinc district. 


foliation develops in horizons that contain tuff and 
volcanic breccia, as these rocks are less competent 
than the flows. Adjustments between flows were 
taken up along the flow contacts rather than within 
the flows. 

Planar structures are not evenly distributed in the 
rocks. A thick flow, such as the coarse-phenocryst 
rhyolite, acted as a competent body and was foliated 
much less than the group of lenticular flows and 
pyroclastic rocks underlying it. In addition, steep 
foliation is more strongly developed in some areas 
on the axes than on the flanks of folds. Thus under 
some conditions a body of foliated rock has a linear 
element, that is, only certain flows are foliated, and 
these are most strongly foliated along fold axes, 
forming an elongate body of foliated rock limited 
above and below by less foliated flows and plunging 
with the fold axes. 


Production 
Of the copper produced in California before 1946, 


54 pet came from the Shasta copper-zince district, 
the major part from the West Shasta area. Zinc 
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production was small because most of the ore was 
direct-smelted and zinc was not recovered; only 
bodies of high-grade zinc ore were mined and treated 
separately as zinc ore. Gold and silver were re- 
covered from gossan that overlies massive sulphide 
ore at the Iron Mountain mine and from sulphide 
ore that was smelted for copper. At the Iron Moun- 
tain mine 3,600,000 tons of massive pyrite have been 
mined for its sulphur content alone, but sulphur was 
not recovered at any of the other mines. Several 
thousand pounds of cadmium was recovered from 
zine-rich ore at the Mammoth mine. 


Character and Distribution of Ore Deposits: The 
copper-zinc orebodies of the West Shasta district are 
bodies of massive pyrite that contain chalcopyrite 
and sphalerite and minor amounts of gold and silver. 
The most striking features of the ore are its uni- 
formity, its lack of megascopic gangue minerals, and 
the sharpness of its boundary with barren or weakly 
pyritized wall rocks. The ore has a brassy appear- 
ance, and some large bodies contain as little as 3.5 
pet of insoluble material. In most orebodies the mas- 
sive sulphide is separated from barren wall rock by 
a thin selvage of gouge; gradational contacts be- 
tween ore and wall rock are very rare. Most ore- 
bodies of the district are lenticular flat-lying, their 
greatest dimensions in a horizontal plane. Several 
are saucer-shaped, one is domal, and one synclinal. 
Steeply dipping orebodies are not characteristic of 
the district, but they do occur in the Hornet orebody 
at the Iron Mountain mine, at the Golinsky mine, 
and at the Sutro mine. 

All the bodies of massive sulphide contain some 
copper and zinc, but massive pyrite that contains 
only small quantities of copper and zinc occurs at 
many of the mines. At present the only value of 
such low-grade pyritic bodies is their sulphur con- 
tent, as the iron-rich residue from roasting has not 
been utilized. Massive pyrite with little copper and 
zine occurs both as discrete orebodies and as low- 
grade parts of orebodies containing minable amounts 
of copper and zinc. In some mines the upper or 
lower part of a flat-lying massive sulphide orebody 
contained so little copper and zinc that it was left 
in place. Massive sulphide ore with a high percent- 
age of zinc occurs mainly at the Mammoth mine, 
although zine was recovered by flotation from parts 
of the Richmond orebody at the Iron Mountain mine. 

Some disseminated chalcopyrite in rhyolite occurs 
in the No. 8 mine orebody of the Iron Mountain mine 
and in the Balaklala mine below the massive sulphide 
orebodies, but this type of deposit is exceptional in 
the district. The disseminated ore consists of chal- 
copyrite and pyrite, in about equal amounts, as vein- 
lets and disseminations in siliceous schistose rock; 
there is no gradation between the massive sulphide 
ore and the siliceous disseminated copper ore. 
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Pyritization is widespread in the district. Bodies 
of weakly pyritized rhyolite extend for several square 
miles, and practically all the rhyolite along the min- 
eral belt contains some pyrite. Massive sulphide ore- 
bodies that contain copper and zinc occur as sharply 
bounded discrete bodies in the broad zone of pyritiza- 
tion. There is no correlation, in many instances, 
between the amount of scattered pyrite in the zone 
of pyritization along the mineral belt and the loca- 
tion of minable bodies of massive sulphide ore, and 
there is normally no gradation between pyritized 
rock and massive sulphide. Gold, silver, copper, and 
zinc values are almost entirely confined to massive 
sulphide bodies as far as is known. 

Figs. 8, 9, and 10 illustrate the typical shapes of 
orebodies in the West Shasta district. The Iron Moun- 
tain mine shown in Fig. 8 contains the largest ore- 
body in the district. Before faulting and erosion, 
this was a single body of copper and zinc-bearing 
massive pyrite about 4500 ft long, probably contain- 
ing 25,000,000 tons of sulphide ore. The orebody is 
a sharply bounded sulphide mass that appears to 
have formed by the replacement of sheared por- 
phyritic rhyolite. The wall rock is only locally 
pyritized. The orebody is in part synclinal, as at 
section A-A’, and follows the folded structure of the 
enclosing rhyolite flows and pyroclastics. It is cut 
into separate blocks by post-mineral transverse 
faults, as shown in the longitudinal section C-C’. 
The orebody is in a pre-mineral fault zone, probably 
a feeder channel, along which some post-mineral 
movement has occurred. 

The Shasta King mine shown in Fig. 9 is an 
example of a saucer-shaped orebody. The massive 
sulphide orebody lies immediately beneath a layer 
of bedded tuff and volcanic breccia and apparently 
replaces a thin flow of porphyritic rhyolite. It is 
conformable to the bedding in the lavas and pyro- 
clastics. The saucerlike form is shown in the two 
intersecting cross-sections. No feeder channel was 
recognized at the Shasta King mine. 

The ore at the Mammoth mine is on a dome or 
arch, Fig. 10. The structure contour map in the upper 
part of the illustration is drawn on the contact be- 
tween the upper and middle units of the rhyolite 
and shows the correlation between local domal areas 
at this contact and the location of much of the ore. 
The northeast trending fault zone shown on the map 
has both pre-mineral and post-mineral movement, 
and at depth it may have been the feeder channel, 
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Fig. 8—Plan and sections of the Iron Mountain mine. 
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although at the stratigraphic level of the orebodies 
there is apparently no close relation between the 
fault zone and the orebodies. The distribution of 
small orebodies along the northwest-trending fault 
suggests that this fault also may be pre-mineral in 
age. The cross-section A-B-C-D illustrates the strati- 
graphic control of ore deposition. At this mine ore 
was deposited just below the contact between the 
upper and middle units of the Balaklala rhyolite. 

Relation of Deposits to Stratigraphy: Minable ore- 
bodies found thus far in the West Shasta district are 
at the same stratigraphic horizon in the upper part 
of the middle unit of the Balaklala rhyolite through- 
out the district, Fig. 11. Ore is known to occur 
through a stratigraphic thickness of 600 ft in the 
Balaklala rhyolite at the Iron Mountain mine, and it 
is possible that locally the favorable zone may have 
a greater thickness. The top of the favorable zone 
is the base of the upper unit of the Balaklala rhyo- 
lite, which is composed of coarse-phenocryst rhyo- 
lite or tuff, but the lower limit is not marked by dis- 
tinctive flows. The upper part of the middle unit is 
a group of discontinuous flows and lenticular beds 
of coarse and fine pyroclastic rocks. The heterogene- 
ous nature of this material is such that the detailed 
stratigraphy at each mine is unique, yet the fact 
that this heterogeneous group is capped by a recog- 
nizable unit over much of the district makes it pos- 
sible to locate the ore zone at one general horizon 
with a fair degree of certainty. 

Exploration done thus far has shown that pyritiza- 
tion is fairly continuous along the mineral belt in 
this limited stratigraphic zone, even though bodies 
of massive sulphide ore are scattered. Many ex- 
ploratory holes have disclosed heavily pyritized rock 
in the favorable stratigraphic zone at considerable 
distances from known ore, and orebodies have been 
located by systematical drilling of areas that con- 
tained favorable zone. 

At some places the character of the rock that was 
replaced to form orebodies can be determined; the 
favored host rock for orebodies appears to be por- 
phyritic rhyolite that has quartz phenocrysts of 2 to 
3 mm, particularly where this rock is overlain by 
thinly bedded tuff or fine pyroclastic rocks. 

Relation of Deposits to Folds and Foliation: Both 
individual orebodies or groups are concentrated on 
or near the axes of broad folds. Orebodies formed 
in anticlines and in synclines, although synclinal 
bodies predominate if basin-shaped structures are 
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Fig. 9—Plan and sections of the Shasta King Mine. 
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Fig. 10—Plan and section of the Mammoth mine. 


included with the synclines. The Richmond orebody 
of the Iron Mountain mine, the orebodies of the 
Balaklala, the Shasta King mines, and probably the 
orebody of the Early Bird mine are examples of 
those formed in synclines or basin-shaped warps. 
The broad ore zone at the Mammoth mine is on an 
arch or dome-shaped structure, and at many locali- 
ties mineralization favored the crests of small folds. 
The orebodies at the Sutro and Keystone mines and 
the Old Mine orebody at the Iron Mountain mine 
appear to be on the flanks of folds. 

Probably because the folds are broad, foliation is 
not strongly developed except locally in the mineral 
belt, but the two types of foliation developed in 
flexural-slip folding, bedding plane foliation and 
fracture cleavage, have had considerable effect on 
ground preparation prior to ore deposition. 

Bedding plane foliation is concentrated along 
layers of bedded pyroclastic material and is most 
strongly developed where bedded material between 
flows is a few inches to a few feet thick. Where the 
bedded material is thicker, foliation is commonly 


area, 


limited to a zone at the top or bottom of the bed or 
is distributed as interbed movement along planes 
throughout the bed. 

Poor to well-developed steep fracture cleavage in 
competent layers occurs in conjunction with bed- 
ding-plane foliation, ranging from little more than 
subparallel jointing to foliated rocks with reorienta- 
tion of minerals along cleavage planes. The steep 
fracture cleavage is very rare in the coarse-pheno- 
eryst rhyolite of the upper unit, but locally it is well 
developed in the flows underlying this rock, par- 
ticularly in flows capped by a fairly continuous 
horizon of pyroclastic material. The coarse-pheno- 
cryst rhyolite is the most competent rock in the 
Balaklala, but the nonporphyritic rhyolite of the 
lower unit and the medium-phenocryst rhyolite of 
the middle unit are also competent rocks except 
where they contain layers of bedded pyroclastic 
material. In the folding along the mineral belt steep 
fracture cleavage developed in the lower and middle 
units, particularly along axes of folds, but such 
cleavage is rare in the upper unit. Bedding-plane 
movement with accompanying bedding-plane folia- 
tion was concentrated in the layers of bedded pyro- 
clastics in the upper part of the middle unit, see Fig. 
12. The intersection of steep fracture cleavage with 
flat foliation controlled by bedding formed a zone 
of fractured rock along the crest or trough of a fold, 
under a relatively impervious cover of unfractured 
rock of the upper unit. 

Features Controlling Ore Deposition: Three main 
base-metal ore controls can be recognized in the 
copper-zine district: 1—the stratigraphic control 
within the Balaklala rhyolite, 2—the structural con- 
trol by folds and foliation, and 3—the feeder fissures 
along which the solutions ascended. All the base- 
metal orebodies in the West Shasta district are in the 
Balaklala rhyolite and are further restricted to the 
upper part of the middle unit of the rhyolite. Ore- 
bodies are localized along broad folds and warps, 
although they show little preference between anti- 
clines and synclines. The mineral belt as a whole 
follows the trend of a series of broad folds that con- 
stitute an anticlinorium, and there appears to be a 
correlation between the culmination of the anti- 
clinorium and the central part of the mineral belt. 
In detail, individual bodies appear to be localized 
along minor folds or warps. Both bedding-plane 
foliation and fracture cleavage are related to these 
folds. The intersection of steep fracture cleavage 
with gently dipping bedding-plane foliation pro- 
vided a shattered area with a relatively impervious 
capping that localized some orebodies. Steep frac- 
ture cleavage may have acted as a collecting agency 
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Fig. 11—Longitudinal section along the central part of the mineral belt. 
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Fig. 12—Diagrammatic drawing showing relation between the 
ore zone and controlling geologic structures. 


for dispersed rising solutions that were then chan- 
neled laterally along the gently plunging intersec- 
tion of flat bedding-plane foliation and steep frac- 
ture cleavage. 

In spite of the close correlation between the strati- 
graphy and the location of ore shown in Figs. 6, 11, 
and 12, the actual control of ore deposition is ap- 
parently due to structural features rather than to 
the presence of flows at one horizon that were by 
nature particularly susceptible to replacement. Cor- 
relation between stratigraphy and ore is due to the 
fact that during folding, stratigraphic features, 
mainly differences in competence and reaction to 
folding, controlled the location of fractures that 
formed solution channelways, and these in turn 
localized the orebodies. 

Some faults are pre-mineral in age and have 
acted as channelways for ore-bearing solutions. 
They generally cut the folds and the foliation at a 
considerable angle and were influential in localizing 
orebodies in certain parts of the folds. 

A conjunction of the three types of ore controls 
was probably a pre-requisite for the formation of 
a major orebody, but they occur in conjunction be- 
cause they are interrelated. Lenses of pyroclastic 
material initiated local folding because in contrast 
to massive flows they form less competent layers and 
because a change in dip, along the boundaries of a 
lens in this instance, is a favored locus for the start 
of folding. Movements along the bedding plane were 
most pronounced in folded areas, and fracture cleav- 
age developed mainly in the axial regions of folds. 
The relationship, if any, between the location of 
feeder fissures and the other ore controls is not 
known. 

Exploration Possibilities: Many favorable areas 
where the ore horizon has not been eroded remain 
to be explored in the West Shasta district, but other 
large areas can be eliminated from exploration for 
geologic reasons. Areas worthy of exploration are 
those that contain the middle unit of the Balaklala 
rhyolite within the main northeast-trending mineral 
belt; those that can be eliminated are areas in which 
the middle unit has been removed during the pres- 
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ent erosion cycle or is missing because of original 
lenticularity and nondeposition. 

The stratigrahic sequence is the principal feature 
used in delimiting areas in which new orebodies 
may be found. All known ore in the district is in 
the middle unit of the Balaklala, generally in the 
uppermost part of the middle unit, particularly 
where this unit contains much bedded pyroclastic 
material. No minable bodies have been found in 
the lower unit, although it is heavily pyritized at 
some places. No orebodies and practically no min- 
eralization are present in the upper unit of the Bal- 
aklala, but areas in which the upper unit is present 
are favorable because the middle unit can be as- 
sumed to be present below. No massive sulphide 
deposits have been found in the underlying Copley 
greenstone. However, the Copley is exposed in very 
few places along the mineral belt, and the possibility 
of copper deposits on the chloritic rocks of the Cop- 
ley along feeder channels should not be ignored. 
The Copley is deeply buried along most of the min- 
eral belt, and the location of feeder channels in 
certain areas is suggested but not proved. 

No horizontal controls for ore can be used with 
certainty to eliminate areas where the middle unit 
is known to be present, for although most ore occurs 
along the crests or troughs of gentle folds or warps, 
some occurs on the flanks of folds. The latter lo- 
calities, though probably less favorable, cannot be 
eliminated from exploration. 

The most favorable areas, shown in Fig. 13, are: 
1—areas between known orebodies along the trend 
of the mineral belt, particularly where hydrothermal 
alteration and pyritization is present along the 
crests or troughs of folds; 2—extensions of folded 
structures beyond known orebodies; and 3—areas 
along the trend of fissures that appear to be main 
feeder channels, where these fissures cross folded 
structures in the productive horizon. 

Permissive areas, although less favorable than 
those described above, are where the middle unit 
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Fig. 13—Recommended areas for exploration in the West 
Shasta copper-zinc district. 
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of the Balaklala rhyolite is thin or where some of 
the upper part of the middle unit has been eroded. 
Areas where the rocks are closely folded are not as 
favorable as areas in which dips are gentle. 

On the basis of the ore controls that have been 
described it is now possible to delimit areas in which 
ore may be found and to eliminate others from con- 
sideration. Fig. 13 covers such a large area that it 
does little more than indicate where geologically 
guided exploration might find ore, but it does indi- 
cate the great extent of the favorable areas that 
have been only partly explored. Although some 
prospect drilling has been done near known ore- 
bodies, many areas with no surface indication of ore 
deserve exploration. In this district there may be 
little or no surface indication of large bodies cov- 
ered by only 100 to 200 ft of rhyolite. Thus it is im- 
perative in the search for concealed ore to recognize 
the stratigraphic position of the different types of 
rhyolite. It must be determined in which areas the 
favorable ore horizon has been eroded, in which 
areas it is present under a cover of younger rocks, 
and at what approximate depth. When the favor- 
able horizon has been located and favorable struc- 
tures determined, it must also be recognized that 


the solution channels formed by the intersection of 
gently dipping bedding-plane foliation and steep 
fracture cleavage in most cases have a gentle plunge. 
Solutions probably traveled considerable distances 
horizontally along these channelways, and areas of 
strong hydrothermal alteration may mark only the 
outlet of a solution channel. 

With these cautions in mind, it is predicted that 
new orebodies are yet to be found in the West 
Shasta district if exploration is based on the ore 
controls that have been described. 
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Processing Perlite — 


The Technologic Problems 


by Robert H. Weber 


What influence do variations in commercial-grade 
perlite have upon processes used to prepare a mar- 
ketable product? The problems are summarized here. 


NCREASING acceptance of perlite products, chiefly 

in the fields of lightweight structural aggregates 
and thermal and acoustic insulation, has led to ex- 
panding market demands that have encouraged many 
new producers to enter the field. In some instances, 
however, the failure of these producers to anticipate 
the variable response of perlite to conventional pro- 
cessing methods has led to difficulty in establishing 
an economical flowsheet by which a predictable 
specification product could be obtained. 

It is not the writer’s intent to provide a solution 
to these problems, but rather to summarize their 
nature. It is to be hoped that members of the indus- 
try who have hurdled some of these obstacles will 
document solutions arising from their experience. 


R. H. WEBER is an Economic Geologist, New Mexico Bureau of 
Mines and Mineral Resources, Socorro, N. M. 

Discussion on this paper, TP 3971H, may be sent (2 copies) to 
AIME before April 30, 1955. Manuscript, May 17, 1954. El Paso 
Meeting, October 1953. 
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In this treatment the term perlite will not be re- 
stricted to the petrographic definition but will apply 
to all volcanic glasses. Expansible obsidians and 
pitchstones are accordingly included in this broader 
industrial classification. 

Chemical Properties: Although perlite has been 
reported to range in composition from that of rhyolite 
to that of andesite, it is probable that most of the 
glasses have the composition of rhyolite. When re- 
calculated to an anhydrous basis, the five analyzed 
glasses from New Mexico, representing five distinct 
physical types from widely separated deposits, show 
an amazingly uniform oxide composition. Water 
content is the only major compositional variable; 
total water ranges from a low of 0.37 pct (non- 
expansible obsidian) to a high of 8.95 pet (expan- 
sible pitchstone). The wide range in expansion char- 
acteristics exhibited by these samples cannot be re- 
lated to significant variations in the composition of 
the nonvolatile fraction and has been only partially 
correlated with variations in water content. 
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Fig. 1—The —14 + 28 fractions of crushed perlite aggregates. Variations in particle shape and texture reflect inherent differences 
in the physical characteristics of the crusher feed. Perlite textural types illustrated are: 1—pumiceous, non-perlitic; 2—needle 
type, prominently perlitic; 3—fine-grained, highly perlitic; 4—onion skin type, coarsely perlitic; and 5—pitchstone, very slightly 
perlitic. X4. Area reduced approximately one-half. 


Physical Properties: The physical properties of 
perlite exhibit a wide range of variation, from mas- 
sive and vitric to cellular, granular, and fragmental; 
many hues of color from grayish white to black; and 
lusters that are vitreous, pearly, pitchy, or resinous. 
Although they may be grouped into several distinct 
textural types, these types are not distinguished by 
sharp boundary differences but are completely inter- 
gradational. Several textural types may be closely 
associated in a single deposit. 

Some generalized relationships are apparent be- 
tween milling and expansion characteristics and the 
physical properties of the glass. Certain combina- 
tions of these properties, particularly texture, luster, 
and color, together with the water content, may aid 
in an approximate evaluation of the commercial 
potentialities of the glass. Thus fragmentation char- 
acteristics in milling and a differentiation between 
lively and dead glasses may be anticipated to an 
approximate degree. Unfortunately, the accuracy of 
such predictions is based upon personal experience, 
and some glasses will prove unpredictable. 

Mining: The low unit value of perlite crude limits 
the scope of practicable mining methods. Deposits 
not amenable to open-pit exploitation have been 
avoided by most operators. Cost limitations have 
also eliminated most deposits in which variations in 
quality necessitate highly selective mining. 

Some deposits are sufficiently fractured or friable 
to permit mining by use of a ripper with tractor and 
earryall or by bulldozer alone. Where drillhole 
blasting is required, care must be exercised in select- 
ing an explosive and a blasting method that does 
not overbreak the ore, producing an excess of fines. 
Despite its hardness, most perlite drills easily and 
rapidly and breaks well under blast owing to its 
brittleness. Secondary blasting is rarely necessary. 
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Milling: Inherent differences in the physical char- 
acter of perlites from different deposits have indi- 
cated the inadvisability of selecting a crushing and 
sizing circuit merely because it has proved success- 
ful at another deposit. The design of a milling flow- 
sheet requires thorough preliminary testing, begin- 
ning with laboratory evaluation and culminating in 
tests on a pilot mill scale. 

Several fundamental problems that must be re- 
solved in this stage of processing may be stated as 
follows: 

1—crushing to produce particles approximating a 
cubic shape, 2—crushing to produce the required 
particle size gradation, and 3—-sizing to specification 
particle gradation. 

Current crushing practice involves one-stage treat- 
ment in some plants, whereas others utilize multi- 
stage flowsheets. Impactors, operating at a high per- 
centage recycle, have received widespread accept- 
ance among users of one-stage systems. Multi-stage 
operations have favored jaw crushers in the primary 
stage. Various machines have been successfully 
utilized in the secondary and subsequent stages, in- 
cluding gyratory and cone crushers, rolls, impactors, 
and in at least one operation, a rod mill. Removal 
of the undersize by scalping screens between each 
stage aids in minimizing the proportion of wasted 
undersize produced. Dry processing is vastly pre- 
ferred to wet treatment owing to the high costs in- 
curred in drying the final product, and the difficulty 
of wet sizing in the finer ranges. 

Although it is desirable in crushing to produce 
particles that approach a cubic shape, this is dif- 
ficult to accomplish in commercial practice. Most 
perlites show tendencies to break in preferential 
directions along pre-existing fractures or planar 
structural elements. Some variations resulting from 
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Figs. 2 and 3—Screen analyses of five ry an 


types of crushed crude perlite aggregate. 
Samples were prepared by _ passing 
through a laboratory jaw crusher fol- 
lowed by further reduction in laboratory 
rolls, without intermediate sizing. Dust 
losses were ignored. Represented perlite 
textural types are: I1—pumiceous, non- 
perlitic; 2—needle type, prominently 
perlitic; 3—fine-grained, highly perlitic; 
4—onion skin type, coarsely perlitic; and 
5—pitchstone, .very slightly perlitic. It 
will be noted that the graphs of individual 
samples are divisible into two groups, each 
of which has a characteristic size distri- 
bution pattern. Samples 1, 2, and 4 form 
one group, and samples 3 and 5 form a 
second group. 
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differences in physical character are illustrated by 
Fig. 1. Highly perlitic types (onion skin) tend to 
break into curved spalls and rounded core kernels 
in the coarser fractions. Thin flakes may predom- 
inate in the finer fractions. Needle-type perlites, 
which are simply variants of the onion skin type in 
which the perlitic fractures have a pronounced 
parallel orientation in one direction, produce elon- 
gate splinters that are very difficult to size accu- 
rately. The massive, texturally non-perlitic glasses 
have a pronounced tendency toward conchoidal frac- 
ture that favors the production of concavo-convex 
chips or shards. It is therefore evident that no single 
scheme of crushing is equally adaptable to each of 
the various textural types of perlite. 

Thorough sizing is essential to the production of 
a predeterminable expanded product owing to the 
multiplication of particle size resulting from expan- 
sion. Most glasses tend to yield a crushed product 
high in the fine fraction, a large portion of which is 
—100-mesh and accordingly wasted by removal from 
the sized product. The variation in proportion of 
size fractions yielded by several types of perlite is 
shown in Figs. 2 and 3, which represent the results 
of a single crushing test of each type. 

Multiple deck vibrating screens are largely pre- 
ferred for the sizing operations, although at least 
one operator has found a spiral rotary machine ad- 
vantageous in securing maximum passage of under- 
size particles. Sizing in the finer fractions is com- 
monly accomplished with air separators. 

Dust nuisances have been reduced by the use of 
covered screens and the maintenance of dust pro- 
ducing points under vacuum, the dust fraction being 
collected by cyclones. 

Removal of excess free moisture is usually de- 
sirable. In addition to facilitating sizing and hand- 
ling operations, the dried product will permit freight 
cost savings in shipment to the consumer and may 
give better performance in the expansion process. 
Both rotary kilns and stationary flash driers have 
been used for this purpose. 


Expanding: The expansion process and character- 
istics of furnace design have been more fully treated 
in the technical literature than have the other phases 
of perlite processing. The reader is accordingly re- 
ferred to the thorough discussion by Murdock and 
Stein’ for an analysis of furnace design features, and 
to King et al.* for thermal expansion and energy re- 
quirements data. Calculations of energy require- 
ments should, of course, include a correction for the 
low thermal efficiency of conventional furnaces. 

To date there has been no scheme devised for ac- 
curately predicting the furnace behavior of a given 
perlite on the basis of its chemical composition and 
physical character. Crude differentiation between 
lively and dead perlites may be made by an evalu- 
ation of the megascopic physical character and 
water content. Laboratory expansion tests will pro- 
vide details relative to the practical ranges of ex- 
pansion, ranges of bulk density, resultant particle 
shape and texture, compressive strength, proportion 
of nonexpansible waste, and preheat requirements. 
The difficulty of duplicating laboratory results with 
the commercial type of furnace, however, dictates 
the need for final testing on a pilot mill scale. 

Perlite is sensitive to slight changes in furnace 
operating conditions; hence the use of only a manual 
control system is largely precluded. Interlocked au- 
tomatic systems that provide close instrumental con- 
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trol of fuel-air ratio, upheat rate, temperature level, 
kiln pressure, and feed rate are now considered a 
necessity rather than a luxury. 

_Difficulty has been encountered in obtaining uni- 
form expansion of both fine and coarse particles in 
the graded feed. Treatment favoring optimum ex- 
pansion of the fine feed does not fully expand the 
coarser fraction, whereas treatment geared to opti- 
mum expansion of the coarser fraction may result in 
overheating the fine fraction, thus promoting the 
formation of kiln rings and the collapse of expansion 
cells in the product. Various techniques have been 
devised to resolve this problem; one operator uses 
two rotary kilns in series, whereby the fine particles 
expanded in the primary kiln are removed from the 
circuit by cyclones and the coarser particles are 
finished in the secondary kiln. 


Miscellaneous Problems: Perlite, in both crude 
and expanded form, is highly abrasive. Careful con- 
sideration should be given to this property in plan- 
ning equipment requirements, operational tech- 
niques, and repair and replacement costs. 

Disposal of the excess —100-mesh fraction of 
both crude and expanded products has proved trou- 
blesome at many plants. There is currently lttle 
market outlet for this material; hence it is largely 
wasted to the dump, where it constitutes an objec- 
tionable dust hazard in urban areas and may occupy 
ground that could be put to more beneficial use. If 
the costs of this waste which accrue from mining, 
transportation, crushing, sizing, drying, and expan- 
sion (in the case of the finished product) are con- 
sidered, and if it is noted that the waste usually 
constitutes from 5 to 10 pct or more of the milled 
product, and a significant fraction of the expanded 
product, it is evident that efforts to develop markets 
for its disposal would be well expended. Possible 
uses include ceramic glazes,’ glasses (here is a field 
for applied research), pozzolanic concrete additives, 
abrasives, filter aids, and fillers. 


Conclusions: Great advances have been made in 
the technology of perlite processing during the past 
several years, but relatively few of these advances 
have been adequately documented in the available 
literature in response to growing public interest. 

The variable character of perlite and its some- 
what capricious response to conventional process 
practice precludes a standardization of treatment 
which parallels that of many industrial mineral 
operations. Thorough testing from laboratory 
through pilot mill scale is considered a prerequisite 
to a full evaluation of equipment needs and treat- 
ment procedure. 

The current trend is directed away from the pro- 
duction of a multipurpose aggregate and toward an 
increasing array of specification products tailored 
to meet industry standards and the individual re- 
quirements of consumers. This factor, coupled with 
inherent variations likely to be found in the charac- 
ter of the crude, clearly indicate that the plant 
should be designed for rigid control, yet permit a 
considerable range of flexibility of operational scope. 
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Refractory Design Increases Rotary Kiln Efficiency 


by W. F. Rochow and W. C. Burke 


Numerous designs of linings and accessories, including dams, lifters, and heat ex- 
changers, contribute greatly to kiln efficiencies. Greater conductivity is achieved with 
basic brick than with fireclay and high-alumina refractories, depending largely upon the 
use of steel plates in radial joints between adjacent brick to increase heat transfer through 
the lining. Refractory lifters expose all portions of the load to radiant or convective heat 
and raise some portions to higher temperatures by cascading the load down through the 


path of the hot gases. 


yee the many factors involved in rotary kiln 
efficiency, advantageous use of refractories is 
of major importance. So far as kiln lining alone is 
concerned durability is most significant, as shut- 
downs for repairs are costly in fuel consumption 
and production losses. Aside from selection of re- 
fractories best suited to the widely varying condi- 
tions under which rotary kilns are operated, lining 
design and accessory constructions within the kiln 
are highly important. 

The refractory most economical for any combina- 
tion of operating conditions can be selected from a 
wide range of alumina-silica and basic refractories, 
including insulating, castable, and plastic fire bricks. 
In several cases silica brick can be used to advantage. 

Alumina contents of alumina-silica refractories 
range from 35 to 90 pct in increments of 5 to 10 pct. 
In general, bricks of relatively low alumina content 
are best for abrasion resistance, an important prop- 
erty for the brick used in chain sections of cement 
kilns or in feed end sections of limestone kilns. 
High-duty fireclay bricks of approximately 40 pct 
alumina and 55 pct silica are used to line the inter- 
mediate zones. Super-duty fireclay brick at slightly 
higher cost is warranted in operation of kilns with 
high intermediate zone temperatures and severe 
spalling conditions. 

Alumina-silica refractories with an alumina con- 
tent of 50 pct and higher, termed high-alumina 
brick, are available in commercial classes of 50, 60, 
70, 80, 85, and 90 pct alumina content. These refrac- 
tories are generally used as high temperature zone 
linings or placed adjacent to the basic brick-lined 
sections when the treatment they are required to 
withstand is excessively severe. 

Use of basic refractories is confined mainly to 
zones of maximum temperature and most severe 
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Fig. 1—Approximate thermal conductivity curves. 1—Hard- 
fired magnesite. 2—Chemically bonded magnesite-chrome. 
3—Magnesium silicate. 4—70 pct Al,O,. 5—60 pct AI,Os. 
5—Super-duty fire clay. 6—High-duty fire clay. 


chemical action. Basic refractories ordinarily em- 
ployed for high temperature zone linings of many 
rotary kilns comprise the classes shown in Table I. 
Each class is peculiarly well suited to various par- 
ticular combinations of working conditions. 

The approximate chemical analyses of these 
classes also illustrate differences in compositions 
with respect to the major components. 
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Figs. 2a and 2b—Lining of kiln interiors before and after a 
typical accretion build-up which obstructs the flow of the 
charge. Appreciable cost is involved in removal. 


Among the classes of basic refractories are those 
consisting predominantly of chrome. There has been 
only limited experience with these in rotary kiln 
applications. 

Since a comprehensive review of the properties 
of refractories commonly used in rotary kilns is 
largely outside the scope of this discussion, refer- 
ence is made only to those of particular significance 
to this subject. On the assumption that the refrac- 
tories used in the kiln lining will render reasonably 
long life, the physical properties of interest in this 
connection are those having to do mainly with heat 
losses. Primarily this concerns thermal conduc- 
tivities of the refractories. To evaluate this property 
it is necessary to consider, for example, the forma- 
tion of coatings and the necessity of using steel 
plates or casings for basic brick installations. 

Thermal conductivity curves for several types 
and classes of refractories commonly used in rotary 
kiln linings are shown in Fig. 1. 

In the burning of lime, in several instances, 
magnesite brick and periclase brick are used beyond 
the burning zone limits solely for the purpose of 
securing the maximum degree of purity of lime for 
exacting chemical requirements. 

As illustrated by the curves, Fig. 1, basic brick 
refractories have higher conductivities than do the 
fireclay and high-alumina refractories. Moreover, 
the successful performance of basic liners is largely 
dependent upon the use of steel plates in the radial 
joints between adjacent brick. This practice in- 
creases the transfer of heat through the lining. De- 
spite these facts, it has been determined by experi- 
ence at many rotary kiln plants that linings 6 in. 
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thick serve more economically than those 9 in. 
thick, which of course cost proportionately more. 
This may be explained by the fact that a coating 
forms on the lining. With basic refractory linings 
especially, such coatings are exceedingly desirable, 
even though appreciable cost is involved in removal 
when they become excessively thick or when large 


Table I. Approximate Chemical Analyses of Refractories, Pct 


Class Si02 AlOs Fe203; CaO MgO Cr203 
Chemically bonded magne- 
site-chrome 4.5 15.1 Chat 1.8 52.0 15.3 
Hard-fired magnesite- 
chrome 4.7 15.5 8.7 15.7 53.4 15.7 


Hard-fired magnesite- 

chrome (natural calcium 

silicate bond) 8.2 4.1 6.7 19.0 56.0 6.2 
Hard-fired magnesite- 

chrome (MgO-Al2O3 


spinel bond) 4.5 21.6 6.4 1.8 yeh 13.8 
Hard-fired magnesite 4.8 1.0 1.8 3.3 89.1 0.0 
Hard-fired periclase 5.6 0.3 0.6 0.9 92.6 0.0 
Hard-fired magnesium 

silicate (forsterite) 32.5 1.5 9.1 1.4 53.4 1.4 


rings develop. The coatings provide valuable in- 
sulation and protect the lining against severe de- 
structive conditions. Interruptions in operation for 
refractory maintenance most frequently are neces- 
sitated by the consumption of the high temperature 
zone linings. It is in this zone that the coatings, 
when not excessive, are most desirable. Often spe- 
cial procedures and practices are followed to cause 
the kiln product to adhere to the lining and build 
up to an optimum thickness. In the high tempera- 
ture treatment of refractory dolomite and magne- 
site for dead burning a small amount of iron oxide 
added to the charge helps promote a satisfactory 
coating. In some cases preheating the lining close to 
the operating temperature before introducing the 
charge has helped to accomplish the same results. 

Formation of coatings may be caused by various 
phenomena. When not of such severity as to result 
in a fluid slag, chemical reaction between the charge 
and the lining can promote an accretion accumula- 
tion. Coatings can also be formed without appreci- 
able fluxing of the lining, as in the clinker of cer- 
tain mixes and the sintering of iron ore. In lime 
kilns the ash of pulverized coal used for fuel often 
accounts for development of the coatings and rings 
in the burning zones. 

Conversely, under some circumstances, disad- 
vantages far outweigh the benefits derived from 


Fig. 3—An example of desirable coating, which provides 
valuable insulation and protects the lining. 
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Fig. 4 (left)—Refractory radial blocks provided with a recess for insertion of insulating material. Fig. 5 (center)—A design offer- 
ing more complete insulation. Fig. 6 (right)—An example of right-angle cross tile construction. 


coatings. Serious interruptions may be necessary 
for their removal. The coatings and rings can be- 
come of such magnitude that the kiln must be shut 
down, with resulting loss of production time. 

Figs. 2a and 2b are pictures of kiln interiors 
showing the lining before and after a typical accre- 
tion build-up which obstructs the flow of the 
charge to the extent of necessitating a shutdown. 
Fig. 3 is an example of a desirable coating. 

Special kiln designs, boring machines, carbon 
dioxide bombs, various types of guns, and carefully 
controlled operations help reduce the difficulty to a 
reasonable minimum. 

Insulation: At several plants it has been the prac- 
tice to insulate basic refractory linings with fireclay 
brick because of the difficulty experienced in build- 
ing and maintaining coatings. Without a substantial 
coating or adequate insulation the shell became 
overheated, owing to the relatively high conduc- 
tivity of the basic brick. A 3-in. thick course of 
radial fireclay bricks laid in a close fit against the 
shell provides the insulation. Upon this is super- 
imposed a 6-in. magnesite brick lining with 16-gage 
steel sheets in the radial joints. Insulating fire 
bricks are not used because they are not strong 
enough to resist the abrasion resulting from any 
movement of the refractory linings. 

Except perhaps in a few unusual cases, insulation 
of the high temperature zones of rotary kilns holds 
little promise of success. On the other hand, many 
kiln linings are insulated beyond the burning zones 
with measurable savings. The waste heat from ro- 
tary kilns sometimes is utilized for steam generation 
and other purposes and the economies resulting 
from insulation of the kiln lining can be deter- 
mined with some degree of accuracy. In the case of 
kilns operated with concurrent feed and fuel input, 
especially when endorthermic reactions are in- 
volved, there can be little doubt about the value of 
insulation. However, the operation of kilns with 
insulated linings must be controlled closely to 
benefit fuel efficiency and production rate and to 
avoid merely increasing the stack temperature. 

Block insulation has been used extensively for 
kiln lining in applications where the interface tem- 
perature is not high enough to. cause shrinkage of 
the insulation. Successful use of this material is 
based on its slight compressibility and its capacity 
to withstand the pressure imposed upon it. In most 
cases rigid insulating fire bricks placed between the 
kiln shell and the refractory lining have had to be 
replaced prematurely. While insulating bricks of 
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this type are relatively strong, they are abraded 
excessively by movement of the hard refractory 
lining with which they are in contact. When this 
happens the refractory bricks become loose and 
ultimately fall out. However, prefired diatomaceous 
earth insulating brick produced abroad has been 
regarded as suitable for-this application, mainly at 
cement plants in Europe and Canada. Although it is 
strong, it is not friable, and when subjected to pres- 
sure and abrasive action, the surface in contact with 
the hard refractory brick tends to compress slightly 
rather than to abrade away. 

Table II presents temperature gradients and heat 
losses based on thermal conductivity data and cal- 
culated in accordance with the empirical formula 
commonly used. The temperature of 2200°F at the 
hot face was used in the calculations, as it was con- 
sidered most representative of a wide range of 
operations. 

In recent years, at a number of cement plants, in- 
sulating fire bricks have been used for the lining 
proper in kiln sections beyond the burning zones. 
They have been in service for several years, and 
there is every indication that they can be expected 
to last much longer. These linings are directly ex- 


Fig. 7—Shown here are de- 
tails of several refractory 
shapes for cross tiling. 
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Fig. 8—This construction, which provides greater stability against forward thrust, is now being tried in two kilns, one for calcin- 


ing refractory clays and the other for hard-firing dolomites. 


Table II. Calculated Temperature Gradients and Heat Losses. 
Hot Face at 2200°F 


Heat Loss, 
Btu 
Temperature Per Sq 
Refractory Gradient, °F Ft Per Hr 
6-in., high duty, with 2'2-in. block 
insulation 290 560 
9-in., high-duty, with block 
insulation 270 500 
6-in., high-duty 575 2400 
9-in., high-duty 490 1680 
414-in., lightweight, high-duty 300 1035 
9-in., high-duty 575 2400 
4'%%-in. insulating brick 495 1720 
6-in., high-duty 490 1080 


posed to the mix flowing over them. The fine dust 
has only a negligible abrasive effect and the bricks 
‘are strong enough to withstand pressures to which 
they are subjected. The important physical proper- 
ties of light-weight fire brick suitable for linings as 
compared with those of dense fireclay brick are 
illustrated by the data in Table III. 

Several trial installations on a relatively small 
scale have been made with refractory radial blocks 
provided with a recess for the insertion of an insu- 
lating material. This design is illustrated in Fig. 4. 
A lining of this kind is a compromise and cannot be 
as effective as the more nearly complete insulation, 


Table III. Comparison of Physical Properties of Firebrick 


2600°F 
Light-weight, Class 
Properties High-duty High-duty Insulating 
Weight, lb per cu ft 130 to 140 60 to 65 45 to 50 
Modulus of rupture, psi 1000 to 1500 500 to 700 140 to 230 
Cold crushing strength, psi 2000 to 3500 700 to 1000 150 to 250 
Pyrometric cone equivalents 32 to 32% 700 to 1000 150 to 250 


of which Fig. 5 is a typical construction. However, 
under certain circumstances there may be merit in 
using insulated rotary kiln blocks with the cutout 
because of the greater stability of the lining, Fig. 6. 

Accessory Refractory Constructions as Factors of 
Efficiency: As governed by the functions and vari- 
ous operating factors, kiln efficiencies are greatly 
benefited by the use of chains (with wet charges), 
preheaters, metallic lifters, and other devices. Use 
of equipment made of metals is limited to relatively 
low temperatures. 

To accomplish the desired reactions in rotary 
kilns most effectively, it is necessary that the charge 
be brought into intimate contact with the hot gases 
and with the radiated heat from the refractory lin- 
ings and other brickwork within the kilns. In gen- 
eral the accessory constructions can be regarded as 
baffles of one type or another. Various designs of 
lifters, dams, and pocket arrangements are used. 
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Fig. 9—In this design for a high-duty refractory smaller shapes are used than in the construction shown in Fig. 8. Tiles are pro- 
vided with tongues and grooves bonded together by overlapping joints. Heat-resisting tubes are used for reinforcement. 
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Quadrant Dividers: Over the past 10 years there 
has been considerable experience with a right- 
angle cross tile construction, now in use in about 30 
rotary kilns. At a number of plants various designs 
were installed in different locations in kilns of role fe) 
and 9% ft diam. Figs. 6 and 7 are drawings of two 
designs of these cross tiles; Fig. 7 shows the details 
of several refractory shapes used. 

These large quadrant tiles are made in lengths up 
to 4% ft in the high-duty fireclay class of refrac- 
tories, which has given longest service of the several 
classes tried. Up to the present this arrangement 
has been used only in limestone, dolomite, and 
marine shell calcining kilns. It is obvious that suc- 
cessful application will be limited by kiln diameter. 
The maximum for this dimension remains to be de- 
termined. Maintenance costs have been particularly 
high in kilns of largest diameters. A design which 
may prove to be better than others with respect to 
frequency and magnitude of repairs has the advan- 
tage of better stability against the forward thrust. 
Fig. 8 shows this construction, at present being tried 
in two kilns, one for calcining refractory clays and 
the other for hard-firing dolomite. Fig. 9 shows a 
design built with smaller shapes provided with 
tongues and grooves bonded together by overlap- 
ping joints. Heat-resisting tubes are used to provide 
reinforcement. 

Some years ago a rotary dolomite calcining kiln 
was equipped with a quadrant construction as 
shown in Fig. 10. Rectangular tiles having double 
tongues and grooves were used. During the several 
years of service no repairs were necessary. Data on 
fuel consumption and the tonnage produced are not 
available. 

Quadrant tile heat exchanger sections of lime- 
stone kilns generally are 20 to 30 ft long. Both 
longer and shorter sections have been tried, and 
this average range, at least tentatively regarded 
as optimum, is based on some appreciable experi- 
ence. In some cases it has been considered best to 
install them at a distance of about 30 ft from the 
feed end, while in others they are used in the mid- 
dle of the kiln, extending toward the feed end. 
Pending the availability of more definite informa- 
tion, generalization such as this cannot be avoided. 

The accomplishments of the quadrant divider 
resulting in measurable economies may be briefly 
summarized as improved mixing of the charge, in- 
creased contact between the more turbulent gases 


Fig. 10—Preheater 
construction using 
tongue and groove 
shapes. The individ- 
ual shapes, shown 

inset at right, are 
515/16 x 1115/16 

x 3 in. thick. 


and the charge, and greater internal refractory sur- 
face for the radiation of heat to the product. 

Available data on fuel savings and increased pro- 
duction resulting from the quadrant installations 
vary widely. Conservatively, typical figures may 
be regarded as 10 pet reduction in fuel consumption 
and 10 pct higher tonnage. 

In appraising the value of this refractory acces- 
sory, it is necessary to take into consideration 
several factors, such as correct kiln loading, reduc- 
tion of ring formation, and improvements in other 
operating variables, achieved with the use of 
quadrant dividers. 

Dams: Among the refractory accessory construc- 
tions in any type of rotary kiln, probably the most 
widely used is the dam. For efficient operation, 
regardless of the product being processed, all the 
material must be subjected to the proper time tem- 
perature treatment. However, the rotary kiln is a 
material conveyor as well as a heat processing unit, 
and a large portion of the material, particularly the 
finest portion, comes to the top of the load only to 


Figs. 11 and 12—Dams are usually built with standard rotary kiln blocks in a corbelled (upper view) or stepped arrangement 
(lower view) to a predetermined height. Some dams are built with special shapes, differing only in that the sides are chamfered 
to give a smooth contour to the dam so that flow of material will not be restricted. 
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Figs. 13, 14, and 15—A typical lifter arrangement consisting simply of longitudinal ribs is shown at left. More intricate patterns 


are shown in the sections center and right. 


a slight extent during its travel through the kiln. 
It is important that the entire charge, including this 
submerged portion, be properly heated. This can be 
accomplished in some cases by the installation of 
one or more dams, which increases the retention 
time necessary to heat the entire load more uni- 
formly. A series of dams will provide a uniform 
depth of load throughout the length of the kiln. 
Dams also help retard surging of materials which 
tend to flow nonuniformly throughout the length of 
the kiln. To control the velocity of gas and air they 
are frequently built at feed ends of the kilns, thus 
securing best combustion conditions and highest 
thermal efficiency. See Figs. 11 and 12. 

Lifters: Highest thermal efficiency could be ob- 
tained only if each particle of the charge could be 
brought into direct contact with the hot gases. 
However, the charge always stays at the lowest 
part of the kiln and the hot gases pass over it. 
Moreover, the load or charge takes a set pattern in 
its journey through the kiln, the coarse particles 
revolving around the fines. Therefore, some method 
of mixing the charge with the hot gases and stirring 
it as it moves down the kiln would add greatly to 
the thermal efficiency. This has been done to a cer- 
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Fig. 16—The checkerboard or waffle-type lifter consists of 
a series of staggered pockets in the lining formed by alter- 
nate use of two brick shapes, one of which is considerably 
thicker than the other. 
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tain extent by the use of refractory lifters, which 
expose a portion of the load to a higher temperature 
by lifting it up and then cascading it down through 
the path of the hot gases. In addition, the refractory 
lifters break up the segregation of the particles and 
expose all portions of the load to the radiated and 
convected heat. 

Several types of refractory lifter arrangements 
are in use in various rotary kiln operations. Most 
are simply longitudinal ribs, either straight or spi- 
raled, Fig. 13. Some of the lifters constructed with 
special refractory shapes form intricate patterns in 
the lining. Figs. 14 and 15 illustrate two of these. 

These lifter components are built of the class and 
type of refractory best suited for the particular zone 
of the kiln and the prevailing temperature condi- 
tions. However, the refractory lifter blocks are 
subjected to abnormally severe conditions because 
the portion of a block that protrudes above the 
lining proper is exposed on more than one surface. 
Consequently the lifters are subjected to more se- 
vere thermal spalling conditions and abrasive action 
than are the bricks in the lining proper. Because of 
this the maintenance costs in many cases outweigh 
the value of the fuel saving. 

Checkerboard or Wafile-Type Lifter: Of the sev- 
eral types of lifter patterns that have been used, 
one has special merit. This is shown by Fig. 16. It 
consists simply of a series of staggered pockets in 
the lining formed by two brick shapes. The size of 
the pockets desired naturally determines whether 
standard or special sizes are needed. In the case of 
standards, 9x6x4-in. and 9x9x4-in. rotary kiln 
blocks are alternated in adjacent rings in such a 
manner as to form pockets up to 9x4 in. and 3 in. 
deep. The pockets retain the material as it flows 
down the kiln, lift it up, and then cascade it down 
through the path of the hot gases. This action im- 
proves the mixing of the charge and prevents par- 
ticle segregation. 

With this construction, many shortcomings of the 
usual type of refractory lifters are avoided, and the 
spalling conditions imposed upon the brick are re- 
duced to a minimum. Since this pattern does per- 
mit straightline flow of material through the kiln, 
abrasion of brick by the charge is considerably less 
than is the case with lifters, which project inward 
from the face of the lining. 

Greatest experience with this pocket type con- 
struction has been in the hottest zones of zinc re- 
covery kilns in which the charge may become 
somewhat viscous, similar to putty. 
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Flotation of Quartz by Cationic Collectors 


by P. L. de Bruyn 


The adsorption density of dodecylammonium ions at the quartz-solution interface 
has been determined as a function of collector concentration and pH. A ten thous- 
andfold range of amine salt concentration was covered at neutral pH. Experimental 
results show that over a thousandfold concentration range at neutral pH, the adsorp- 
tion density (I) is proportional to the square root of collector concentration. Except 
at high concentrations, T increases with increasing pH, but in general this effect is 


surprisingly small. 


A critical pH curve has been established for the flotation of quartz with dodecyl- 
ammonium acetate. The conditions along the flotation curve are correlated with the 


adsorption measurements. 


HE behavior of collectors at the mineral-solu- 
tion interfaces is usually explained in terms of 
an ionic adsorption process. Through the distribu- 
tion of collector ions between the solid surface and 
the co-existing solution phase the mineral is be- 
lieved to acquire a water-repellent surface coating. 
Quantitative adsorption studies have been made 
on simple flotation systems** only within the last 
few years. Such investigations were made possible 
by the adoption of the radiotracer method of analy- 
sis. As a consequence of these studies a new pa- 
rameter has been added to aid the understanding of 
the flotation process. 

The research investigation to be discussed in this 
paper was undertaken to obtain a better under- 
standing of the behavior of a cationic-type collector. 
This objective was approached through the deter- 
mination of the distribution of dodecylammonium 
acetate between the quartz-solution interface and 
the solution as a function of the collector salt con- 
centration and pH. To bring this investigation to 
focus on the more practical aspect of flotation re- 
search, an attempt was also made to correlate the 
adsorption results with actual flotation tests. 

Quartz: A —100 mesh ground crystalline quartz 
was infrasized; the products of the third and fourth 
cones were mixed together and reserved for ex- 
perimental purposes. This stock material was 
cleaned by leaching in boiling concentrated HCl. 
After leaching the quartz was rinsed with distilled 
water until the filtrate showed no trace of chloride 
ion. It was then washed several times and dried. 
The quartz had a specific surface of 1400 cm’ per g 
as determined by the krypton gas adsorption methcd. 

Collector: The distribution of dodecylammonium 
acetate between the quartz surface and the solution 
phase was determined by the radiotracer method of 
analysis with carbon 14 as the tracer element. The 
radioactive amine salt with C™“ synthesized into the 
hydrocarbon chain® was supplied by Armour and 
Co. The tracer element was located adjacent to the 
polar group. The radioactive salt as received had a 
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specific activity of about 0.14 mc per g. When de- 
sired, dilution of this activity was effected by addi- 
tion of non-radioactive dodecylammonium acetate 
also supplied by Armour and Co. 

' All other inorganic reagents used in this research 
were of reagent grade. Conductivity water was 
used for making up all solutions. 

Adsorption Tests: Two different experimental 
methods were used. In the first, to be designated as 
the agitation method, a weighed amount of quartz 
and a measured volume of amine salt solution were 
agitated in a 100-ml or 50-m1 glass-stoppered pyrex 
graduated cylinder. The cylinder was filled with 
solution up to the stopper, since erratic results were 
obtained when an air space was left over the sus- 
pension. Time of agitation varied from 1 to 2 hr. 
Preliminary tests at different agitation times showed 
that the amount adsorbed remained constant for all 
agitation times exceeding 1% hr. 

After this conditioning period, the solids were 
separated from the solution by filtration through a 
Buechner fritted-disk funnel. The solution was re- 
circulated 10 times or more to allow the fused silica 
disk to come to equilibrium with it. Determina- 
tions of the amount of amine adsorbed on the frit it- 
self indicated that this amount was less than 10 pct 
by weight of the amine acetate abstracted by 10 g 
of quartz. The funnel with quartz covered by a thin 
layer of solution was then centrifuged for approxi- 
mately 5 min, at which time the moisture content of 
the solids was reduced to about 5 pct by weight. 
The wet quartz was blown into a tared beaker, re- 
weighed and allowed to dry at room temperature. 
A final weighing was then made to determine the 
moisture content. 

The second experimental method, similar to the 
procedure adopted by Gaudin and Bloecher,* will be 
referred to as the column method. Two liters of solu- 
tion were passed through a bed of quartz contained 
in a Buechner funnel attached to a pyrex separatory 
funnel by means of a ball and socket joint. Pre- 
liminary tests showed that increasing the volume of 
solution above 2 liters does not give a measurable 
increase in adsorption. From 4 to 4% hr were re- 
quired for 2 liters of solution to pass through the 
column. The moisture content of the quartz was 
again reduced to a minimum by centrifuging. 

A slightly modified column apparatus was used for 
experimenting with alkaline amine solutions. The 
same basic unit was used, but the underflow from 
the Buechner funnel was again fed into a separatory 
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funnel, which in turn was connected to a second 
quartz column. All contacts with the atmosphere 
were through ascarite-filled drying tubes. With this 
arrangement a precipitate of undissociated amine, 
when formed, would be collected in the first quartz- 
filled Buechner funnel. In these tests 4 liters of solu- 
tion were passed through both quartz beds and the 
experiment required 8 to 10 hr for completion. 

Carbonate-free sodium hydroxide solutions, for 
adjusting the pH in these tests and all other tests 
with alkaline solutions, were prepared by centrifug- 
ing a saturated aqueous solution of sodium hydrox- 
ide pellets. The clarified solution was stored in a 
plastic container, and from this stock solution dilute 
solutions were prepared at the time of experimenta- 
tion. A model G Beckman pH meter was used for 
pH measurements. A special high-pH glass elec- 
trode was used to determine the pH at values greater 
than 9. To obtain reproducible readings in alkaline 
amine solutions the glass electrode was always 
rinsed and stored in a 1 N HCl solution. 

Radioassay: The radioassay method consisted of 
the internal counting of radioactive carbon dioxide 
in a Geiger counter. Before radioassaying, the car- 
bon content of the collector was converted to carbon 
dioxide by wet combustion. The combustion pro- 
cedure and the counting technique have been de- 
scribed in detail in earlier publications.” * 

Owing to the high resolving time (5.7x10° min) 
of these counters, the counting rate, whenever pos- 
sible, was kept below 5000 cpm. Because the count- 
ing rate was kept below this maximum, the correc- 
tion for resolving time to be applied to the observed 
count was less than 30 pct of the observed value. 
The active amine acetate as received could be used 
without dilution of its radioactive strength in tests 
where the solution concentration was 8.16x10"% mol 
per liter (0.2 mg per 1) or less. 

To check the attainment of equilibrium and to 
obtain a material balance, it was important that both 
the solution and the quartz be analyzed, especially 
in the agitation tests. The quartz could be placed 
directly in the combustion flask of the wet combus- 
tion apparatus, but the amine in the liquid sample 
had to be concentrated prior to this combustion step. 
This was done by pipetting an aliquot sample of the 
solution to be assayed (5 to 20 cc) into a small 
pyrex cup. Seven to 8 mg of non-radioactive amine 
were then added to the sample to serve as a carrier 
and to yield the required pressure of CO, for filling 
the counter. This solution was made alkaline and 
allowed to evaporate to dryness at room tempera- 
ture. The cup with its contents was then transferred 
to the combustion system for further analysis. 

Vacuum Flotation Tests: The vacuum flotation 
technique used by Schuhmann and Prakash’* in the 
study of the quartz-barium chloride-oleic acid sys- 
tem was adopted for the determination of the criti- 
cal pH curves for quartz using different hydrocarbon 
chain-length amines. About 100 g of the same 
quartz used in the adsorption tests were stored under 
distilled water. The quartz was checked for grease 
and other organic contamination by determination 
as to whether it was floatable without the addition of 
collector. Usually the floatability of the quartz could 
be established simply by observation of the pneumo- 
flocculated condition of the pulp on repeated shaking 
of the cylinder. This condition was found to be due 
to the formation of small bubbles in the pulp which 
attached themselves to the quartz particles. 

In most of the tests no additional frothing agent 
was added to the pulp, but comparative tests were 
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run in which a few drops of a dilute solution of ter- 
pineol were added to the system. No difference in 
the flotation behavior could be observed among these 
tests and those with zero frother concentration. 


Results 

Solubility of Dodecylamine: When alkaline solu- 
tions are dealt with it is essential that the solubility 
of dodecylamine be known. Adsorption densities 
cannot be determined when dodecylamine is pre- 
cipitating because in experimentation no distinc- 
tion can be made between adsorbed amine and 
precipitated amine. Table I summarizes the experi- 
mental values for the solubility of dodecylamine as 
determined by three distinct experimental methods. 


Table |. Solubility of Dodecylamine 


Solubility, Tempera- 
Method Mols Per Liter ture, °C 
Light scattering 2.41 x 105 20° to 25° 
(average of five 
determinations) 
Adsorption measurements 
(a) Agitation test 1.98 x 10-5 25° 
(b) Column test 2.42 x 10-5, 1.99 x 10-5 28.5° 
Potentiometric titration 2.02 x 10-5 
(average of five 20° to 22.5° 
determinations) 


The light scattering method involved the observa- 
tion of Tyndall cone formation in aqueous solutions 
of known amine salt concentration and alkaline pH. 
In the adsorption measurements the clear equilib- 
rium solution was radioanalyzed for amine content 
when a precipitate was oberved. In the agitation 
test, 67 ml of a solution which initially contained 
1.95x10* mols per liter of radioactive dodecylam- 
monium acetate were contacted with 8.55 g of 
quartz. The pH of the solution was 12.6. In the 
column tests the clear underflow solutions assayed 
3.18x10° mols per liter and 2.53x10~ mols per liter 
while the respective pH values were 11.1 and 11.2. 
The initial concentration of the salt was 4.08x10° 
mols per liter in both tests and definite precipitates 
were observed on the quartz beds. In calculation of 
undissociated amine concentration, a 4.3x10™ value 
was used for the dissociation constant of the base.° 

The values obtained by potentiometric titrations 
were determined by Brown.” This method consisted 
of a potentiometric titration of an aqueous dodecyl- 
ammonium chloride solution with NaOH and with a 
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Fig. 1—Effect of dodecylammonium acetate concentration in solu- 
tion on the adsorption density of the collector at neutral pH. 
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platinum black hydrogen electrode. Table I shows 
that the solubility values obtained by the various 
methods are in good agreement. A value of 2x10” 
mols per liter shall be assumed in this paper. 
Adsorption Isotherm: Results of the investigation 
of the adsorption density of dodecylamine* on quartz 


* By adsorption density of dodecylamine it is not t 
o be under- 
stood that the author favors the undissociated amine as the adsorb- 
used for the sake of convenience. It 
ous that no distinction can be d i 
and the molecule in the experiment. 


for a ten thousandfold range of solution concentra- 
tion and neutral pH are shown in Fig. 1. In this 
figure the solid circles represent the data determined 
by the agitation method and the open circles those 
obtained by the column method. The graph clearly 
illustrates that the relation between I (adsorption 
density) and c (equilibrium concentration of amine 
salt) is independent of the particular experimental 
procedure that was used. No attempt was made to 
control the temperature of the system, but the ob- 
served small variations in temperature (20° to 28°C) 
do not appear to have a systematic effect on the ad- 
sorption results. The pH of the solutions varied 
from 5.9 to 7.0; however, no consistent distribution 
of the experimental results with pH has been noted. 
Absolute pH measurements around neutrality are 
not possible in unbuffered solutions; only at high 
concentrations of the dodecylammonium acetate does 
the buffering action of acetate become important. 

Fig. 1 illustrates a consistent variation of the ad- 
sorption density with collector concentration. In the 
concentration range, 10° mols per liter to 2x10“ 
mols per liter, the experimental points group around 
a straight line with slope of one-half. Under these 
conditions of solution concentration, the experimen- 
tal adsorption isotherm can be described by the 
empirical relation 


= 8.1x10°\/c, [1] 


where I and c have the dimensions of mols per cm” 
and mols per liter, respectively. 

Beyond a concentration of 2x10“ mols per liter, 
the surface concentration increases more rapidly 
with collector concentration. The following em- 
pirical equation describes this branch of the isotherm: 


= 2.2x10%c'™. [2] 


The highest concentration of amine salt used in this 
investigation (4.08x10° mols per liter) is still be- 
low the critical concentration of micelle formation 
(1.3x10° mols per liter). 

The percentage surface coverage may be obtained 
from the adsorption densities by assuming a value 
of 23.4 A® for the area per available surface site. 
This value was obtained by Gaudin and Rizo- Patron” 
from a sterical analysis of the arrangement of silicon 
and oxygen atoms at various crystal planes in quartz; 
it is also a good approximation of the cross-sectional 
area of the polar end of the amine molecule. An- 
other important assumption was made in calculating 
the coverage, namely, that the amine molecule or 
ion is attached through its polar end perpendicularly 
to the quartz surface. According to these assump- 
tions a monomolecular surface coverage will be ob- 
tained for an adsorption density of 7.1x10™ mols per 
cm’ or 4.3x10“ molecules per cm’. 

In the concentration range where Eq. 1 describes 
the adsorption isotherm the surface coverage varies 
from 0.14 pct to about 17 pct. Vacuum flotation tests 
showed that quartz will float readily at a pH be- 
tween 6 and 7 from a solution of 2.04x10~ mols per 
liter (5 mg per liter) of dodecylammonium acetate; 
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Fig. 2—Effect of pH on the adsorption density of the dodecyl- 
ammonium ion at the quartz-solution interface. 


Solution Solution 
Concentra- Concentra- 
Column tion, Mols Column tion, Mols 
Test Per Liter Test Per Liter 
A 8.16 x 10-4 D 10-5 
B 1.85 x 10-4 E 4.08 x 10-4 
iC. 4.08 x 105 F 4.08 x 10-7 


a surface coverage of 5.3 pct is indicated under these 
conditions. Eq. 1 is applicable to the conditions at 
the solid-liquid interface in actual flotation opera- 
tions where the collector concentration usually varies 
from 10° to 10% mols per liter. Above a concentra- 
tion of 2x10“ mols per liter where Eq. 2 is applica- 
ble, the surface coverage increases rapidly; a surface 
coating of 5.4 molecular layers deep is indicated at 
a solution concentration of 4.08x10~° mols per liter 
Gaudin and Bloecher’ also investigated the quartz- 
dodecylammonium acetate system. Their isotherm 
has essentially the same shape as the adsorption 
curve in Fig. 1 and in the low concentration region 
these investigators also gave their isotherm a slope 
of one-half. However, the magnitude of the adsorp- 
tion densities as determined by Gaudin and Bloecher 
is always approximately 40 pct lower** than the cor- 


** The adsorption densities quoted by Gaudin and Bloecher 
should be multiplied by a factor 0.86 because these investigators 
used the less accurate value of 16.3 A? instead of the accepted value 
of 19 A2 for the cross-sectional area of the Kr atom. 


responding values obtained by this author. 

Effect of pH on the Adsorption Density of the 
Collector: The variation of collector adsorption 
density with pH for five different solution concen- 
trations (8.16x10~, 1.85x10~, 4.08x10°, 4.08x10°, and 
4.08x10" mols per liter) is represented graphically 
in Fig. 2. The effect of alkaline pH on the adsorption 
density has been investigated only at two collector 
salt concentrations, 4.08x10~° and 4.08x10~ mols per 
liter, since experimentation in the alkaline pH range 
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is complicated by precipitation of undissociated 
amine. In addition to these five solution concentra- 
tion series which were run in the column apparatus, 
results of eight agitation tests are included in Fig. 2. 

Fig. 2 shows a straight line relationship between 
log adsorption density and pH at constant collector 
salt concentration in acid solutions. For decreasing 
dodecylammonium acetate concentration, the effect 
of pH on the adsorption density becomes greater, 
but for all the concentrations investigated the mag- 
nitude of this effect is much less than anticipated. 
The slopes of the individual straight lines vary from 
zero at a concentration of 8.16x10~* mols per liter 
(200 mg per liter) to approximately 0.24 at 4.08x10~ 
mols per liter (0.1 mg per liter). At 8.16x10~* mols 
per liter 73 pct of the quartz-solution interface is 
covered regardless of the particular pH. For the 
concentration, 1.85x10~* mols per liter, and the con- 
centration, 4.08x10° mols per liter, a ten thousand- 
fold increase in the hydrogen ion concentration is 
accompanied by only a 50 pct decrease in the ad- 
sorption density of the collector. 

An alkaline pH appears to have a more pro- 
nounced effect on the adsorption density of the col- 
lector. The amount adsorbed is seen to increase 
more rapidly as a function of hydroxyl ion concen- 
tration in basic than acid solutions, especially for a 
collector salt concentration of 4.08x10° mols per 
liter. The last two points at pH 10.5 for this con- 
centration indicate a surface coverage greater than 
one monolayer; however, since on the assumption of 
a solubility of 2x10~ mols per liter for the free base, 
precipitation should occur at pH 10.62, the experi- 
mental adsorption densities might actually include 
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Fig. 3—Critical pH curves for various primary amine acetates. 
Curve Collector Salt 
Octadecylammonium acetate 
Tetradecylammonium acetate 
Dodecylammonium acetate 
Decylammonium acetate 
Octylammonium acetate 
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some precipitated dodecylamine. The spread in the 
points between pH 6 and pH 8 for both concentrations 
is largely due to the uncertainty in pH measurement. 

The increased effect of alkaline pH on the adsorp- 
tion density of the collector at a constant concentra- 
tion of 4.08x10~ mols per liter is less noticeable than 
at the higher concentration. Nevertheless, a greater 
increase in adsorption density per unit increase in 
OH- concentration is indicated for the alkaline pH 
range up to a pH of about 10.5 than in the acid pH 
range. The distribution of points established by agi- 
tation tests helps in determining the location and 
shape of the adsorption curve. The sharp drop in 
adsorption density beyond pH 11 is of great interest. 

Critical pH Curves: The experimental critical pH 
curves for the flotation of quartz with 8, 10, 12, 14, 
and 18 hydrocarbon-chain-length primary amine 
acetates are compared in Fig. 3. Flotation occurs 
under conditions above the curve for the specific 
collector, towards the left of the vertical line at pH 
12.2 and towards the right of the dotted line at pH 
1.4. Regardless of the specific collector and its con- 
centration, it will be noted that the transition of 
quartz from a flotative to a nonflotative condition is 
obtained at substantially the same upper critical pH 
of 12.2. With decreasing pH of the pulp the lower 
critical pH is lowered with increasing collector con- 
centration and is also dependent on the hydrocarbon 
chain-length of the collector. At high concentra- 
tions the lower critical pH approaches a value of 1.4 
and is again substantially independent of the specific 
collector. The critical pH is not very well defined 
in the acid pH range and the transition from non- 
flotation to complete flotation extends at times over 
a whole pH unit, especially in the case of the octyl 
and decyl amines. It was noted sometimes on appli- 
cation of a vacuum to the cylinder immediately 
after agitation that the quartz does not float in acid 
solution, but after vigorous shaking by hand, the 
major portion of the quartz will float. 

The similarity in shape of the critical pH curves 
is an indication that the same adsorption mechanism 
is involved in all instances. On account of the low 
solubility of the octadecylammonium acetate (ap- 
proximately 3x10~%* mols per liter) the concentration 
range that could be investigated was limited. 

The decrease in adsorption density of dodecyl 
amine above pH 10.5 at a constant collector salt con- 
centration of 4.08x10° mols per liter, see Fig. 2, is 
in qualitative agreement with the observation of an 
upper critical pH. 


Correlation of Adsorption Data with Flotation 
Conditions: Adsorption results may be used to sup- 
ply quantitative information on the extent of the 
collector coating at the critical pH. In the past only 
the critical conditions within the solution phase 
which determine the floatability of the mineral could 
be determined. It should be realized, however, that 
the flotation system is characterized by a three- 
phase contact. The adsorption data obtained in this 
investigation refer only to the solid-liquid interface. 
Complete analysis of the flotation process will re- 
quire, in addition to these data, a knowledge of con- 
ditions at the solid-gas interface.” 

In Table II the observed surface coverage at the 
solid-liquid interface is given for different lower 
critical pH values from information contained in 
Figs. 2 and 3. In this analysis allowance is made for 
the accuracy with which the critical pH could be 
measured in the vacuum flotation tests. One value, 
pH 12.1, is included for the upper critical pH. 
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The data of Table II are plotted-in Fig. 4. In this 
figure the solid curve and the straight line trace the 
experimental critical pH curve for dodecylamine as 
collector. The small circles define the conditions in 
the solution phase for which surface coverages of 
the solid-liquid interface are available. The numer- 
ical value opposite each point identifies the percent 
surface coverage by the collector. Curve ABC is a 
curve of constant surface coverage of 5 pct; curve 
GE is the precipitation curve for dodecylamine 
based on a solubility of 2x10° mols per liter for this 
organic base. Towards the right of this curve and 
above the ordinate value of 2x10~ the concentration 
of the undissociated amine remains constant. The 
continuous curve FED maps a constant dodecylam- 
monium ion concentration of 5.4x10“ mols per liter. 

A study of Fig. 4 allows some interesting conclu- 
sions to be reached regarding the conditions which 
determine the transition between flotation and non- 
flotation of quartz at the solid-solution interface. 

1—Below a concentration of approximately 10° 
mols per liter, the lower critical pH curve appears to 
be characterized by a critical surface coverage of 
5 pet at the quartz-solution interface. Higher salt 
concentrations are needed at lower pH values to 
reach this critical coverage. The adsorbing entity 
appears to be the dodecylammonium ion. 

2—Above a concentration of 2x10° mols per liter, 
the upper critical pH appears to be fixed by a criti- 
cal dodecylammonium ion concentration of 5.4 x 107 
mols per liter. Since flotation of quartz is still pos- 
sible in zone FEG, a process involving molecular 
adsorption is not likely to explain the flotation be- 
havior of quartz. In this concentration range of col- 
lector salt, the upper critical pH might be related to 
a critical 5 pct collector coverage of the quartz- 
solution interface. This statement, if true, assumes 
that pH is important here only in so far as it deter- 
mines the concentration of the collector cation. 
However, no data are available to substantiate this 
statement nor could corroboration be obtained easily 
from conventional adsorption measurements. 

3—Curve ED, which plots the proposed theoreti- 
cal upper critical pH curve below the minimum col- 
lector concentration for precipitation of dodecyla- 
mine, is based on the attainment of a constant do- 
decylammonium ion concentration of 5.4 x 10% mols 
per liter and a constant 5 pct surface coverage. This 


Table II. The Relation Between Critical pH and Surface Coverage 
at the Quartz-Solution Interface 


Collector Adsorption Surface 
Concentration, Density, Coverage, 
Mols Per Liter Critical pH Mols per Cm? Pet 

8.16 x 10-4 2.4+0.4 5.1 x 10-10 72 
1.85 x 10+ 3.2 + 0.4 7.0 x 10-0 10 
4.08 x 10-5 5.0 + 0.2 4.5x 10-4 6.4 
2.04 x 10> 6.7 + 0.2 3.7 x 10-41 5.2 
4.08 x 10-6 8.2 = 0.2 3.4x 10-11 5.0 
{ 12ers 0:2 { 1.0 x 10-11 1.4 


theoretical curve does not agree very well with the 
experimental curve; however, insufficient flotation 
tests have been made under conditions of low col- 
lector salt concentrations and high pH to establish 
accurately the trend of the experimental curve. 
Too much significance should not be attached to 
the actual numerical values for collector concentra- 
tion, adsorption density, or surface coverage and 
critical pH as quoted in this analysis. The order of 
magnitude of these values, however, should be 
noted. Gaudin and Chang’ found that barium-acti- 
vated quartz could be floated by sodium laurate at a 
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Fig. 4—Relation between surface coverage and the critical condi- 
tions in the solution phase at incipient flotation. 


surface coverage of 4.5 pct as compared to the pro- 
posed 5 pct coverage of this mineral by dodecyl- 
ammonium ions. 

This experimental investigation also emphasizes 
an important difference between the action of an 
amine on quartz as compared to the behavior of 
xanthates on sulphide minerals. A monolayer of 
dodecylammonium ions at the quartz-solution inter- 
face is seen to develop at approximately 10° mols 
per liter and beyond this concentration a rapid 
build-up of multilayers is suggested. Contact angle 
measurements on various sulphides“ and adsorp- 
tion density determinations on pyrite” again indi- 
cate that a monolayer of ethylxanthate at sulphide 
surfaces is never exceeded. Furthermore, mono- 
molecular saturation of the surface is approached 
at a much lower concentration than is the case for 
the quartz-amine system. 

From these contrasting observations it may be 
concluded that the xanthate ion or molecule has a 
stronger chemical affinity for a sulphide surface 
than the dodecylamimonium ion for the quartz sur- 
face. Dodecylammonium acetate, like all colloidal 
electrolytes, forms micelles at high concentrations 
and, as suggested by Fuerstenau,” it is possible that 
the occurrence of multilayers at the quartz-solution 
interface could be explained by micelle formation 
close to the interface even though the critical con- 
centration for micelle formation is not reached in 
the bulk solution phase.” The existence of ionic con- 
centration gradients which extend from a charged 
interface into a co-existent electrolyte solution 
phase is well known and forms the basis for the 
treatment of the electrochemical double layer. 

A Physical Model of the Quartz-Solution Inter- 
face: The above analysis of the experimental results 
has shown that it is possible to correlate adsorption 
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data with the flotation behavior of quartz. However, 
this correlation is still only empirical in nature; a 
causal relation is lacking. In view of the close rela- 


tionship between colloidal phenomena and flotation, 


processes, the application of the well-known elec- 
trical double layer model to this system might be a 
step in the desired direction. 

The existence of an electrochemical double layer 
at the quartz-solution interface cannot be disputed. 
A silicon atom in the quartz crystal, owing to its 
high charge density, will tend to surround itself, 
whenever possible, by four oxygen atoms. When a 
quartz particle is fractured a large number of Si-O 
bonds are broken, thereby leaving some Si atoms 
surrounded by insufficient oxygen atoms. It seems 
logical that when fracturing takes place in water, 
water molecules will react with the exposed atoms. 
Actually, it is not water molecules but rather OH” 
ions which move to one side of the fracture and 
unite with the surface silicon atoms, while the cor- 
responding H* ions will unite with the oxygen atoms 
at the other side of the fracture. 

Dissociation of H* ions from this surface silicic 
acid will be comparatively easy. Such a process 
will explain the negative charge of quartz in most 
aqueous solutions and the consequent formation of 
an electrical double layer. From careful measure- 
ments of streaming potential on quartz, Gaudin and 
Fuerstenau* concluded that the quartz surface is 
negatively charged above a pH of 3.72 and positively 
charged below this pH value. The positive charge at 
low pH values may be explained by a proton up- 
take of the surface OH-groups or surface oxygen 
atoms.” According to this model, as long as the 
system is far from saturation (complete surface dis- 
sociation) the pH will determine the surface poten- 
tial or the double layer potential. In this respect the 
quartz should behave similarly to a glass electrode. 

At present not enough information is available 
to extend the quantitative application of this model 
to the quartz-amine solution system. The impor- 
tant question to be answered is: To what extent 
does the magnitude and sign of the surface charge 
influence the action of the dodecylammonium ion at 
the quartz-liquid interface? Qualitatively, the in- 
creased adsorption density of the collector with in- 
creasing pH can be explained by the increasing 
negative potential across the double layer. Com- 
plete adsorption isotherms under acid and alkaline 
pH conditions are needed before the suggested 
potential-determining effect of pH can be fully 
evaluated. 

Summary 

Radioactive carbon-labelled dodecylammonium 
acetate was used in an equilibrium study of the 
adsorption onto ground quartz of the collector from 
solutions below the critical concentration of micelle 
formation. 

The following information was gathered by the 
experimental studies: 

1—The surface concentration of collector at a pH 
between 6 and 7 is proportional to the square root 
of the solution concentration over a thousandfold 
range of collector salt concentration. For concen- 
trations greater than 2x10* mols per liter, the ad- 
sorption density increases more rapidly with change 
in solution concentration. A monolayer of adsorbed 
collector covers the surface at a solution concen- 
tration of 10° mols per liter compared to only an 
11 pet complete monolayer at 10% mols per liter. 

2—The change in adsorption density with varying 
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pH in acid solutions at constant dodecylammonium 
acetate concentration depends on the particular con- 
centration of the collector in solution: a—For con- 
centrations above 2x10“ mols per liter a hundred- 
thousand fold increase in hydrogen ion concentra- 
tion has a negligible effect on the adsorption density 
of the collector. b—At concentrations of collector 
below this limiting value, decreasing the pH of the 
solution decreases the amount adsorbed. This effect 
is more pronounced the lower the concentration of 
the collector in solution. 

3—In the alkaline pH range the surface concen- 
tration of collector increases with increasing alka- 
linity at constant total collector concentration. At 
a concentration of 4.08 x 10° mols per liter the sur- 
face concentration was observed to decrease rapidly 
above pH 11. 

4—-An upper critical pH which is independent of 
hydrocarbon chain-length and collector concentra- 
tion was established for quartz. A lower critical pH 
which is a function of both collector concentration 
and hydrocarbon chain-length was also determined. 

From an analysis of the experimental results, it 
may be concluded that the adsorption process ap- 
pears to be controlled by the adsorption of the 
dodecylammonium ion and not the undissociated 
amine molecule. 

A correlation of the experimental critical pH 
curve with adsorption data suggests that the lower 
critical pH, at collector salt concentrations below 
10% mols per liter, is reached when a critical surface 
coverage of 5 pct is approached at the solid-liquid 
interface. Above 2x10° mols per liter of total col- 
lector concentration the upper critical pH is reached 
when a critical dodecylammonium ion concentration 
is approached. The same critical ionic concentration 
is postulated to determine the position of the upper 
critical pH in solutions where the solubility of the 
undissociated collector molecule is not exceeded. In 
addition, there are indications that a critical 5 pct 
surface coverage also determines the position of the 
critical pH. 
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Abstract 


Exhaust Dust Control in Dry Percussion Drilling 


I. Formation of Cuttings 


by Howard L. Hartman and Eugene P. Pfleider 


Basic relations of drilling energy to speed and particle size and number of cuttings 
afford a means of predicting percussion drill performance and minimizing the attendant 
problems of cuttings removal and dust control in dry drilling. 


Il. Ejection of Cuttings 


by Howard L. Hartman 


Air is established as an ejection fluid superior to water, and many factors are evalu- 
ated that influence the liberation of cuttings and hence dust control and drilling speed. 


Ill. Capture of Cuttings 


by Howard L. Hartman 


Attention to the design of a drill exhaust hood results in minimum air requirements 
and power consumption, with the attainment of dust control and penetration rates un- 


surpassed in wet drilling. 


IV. Pneumatic Transport of Cuttings 


by Howard L. Hartman 


Empirical equations are obtained for calculating transport velocities and pressure drops 
in pneumatic conveying, and a dust control system is designed for use with any percussion 


air drill. 


H. L. Hartman is Assistant Profesor of Mining Engineering, Colorado School of Mines, Golden, Colo., 
and E. P. Pfleider is Head, Department of Mineral Engineering, University of Minnesota, Minneapolis. 


TP 4005A has been published in its entirety in the Mining Engineering Special Report Series, No. 1. 


It is available to Mining Division members. 


Chemistry of the Ammonia Pressure Process for Leaching Ni, Cu, 
And Co from Sherritt Gordon Sulphide Concentrates 


by F. A. Forward and V. N. Mackiw 


ABSTRACT 


The paper relates to the laboratory and pilot plant 
studies that have been carried out by Sherritt Gordon 
Mines Ltd., Metallurgical Research Div., in developing 
the ammonia pressure leach process for extracting Cu, 
Ni, Co, and S from high grade Ni concentrate pro- 
duced from Lynn Lake ores and describes in some de- 
tail the chemistry of the process. 

In the leaching stage air, ammonia, and sulphide 
minerals react in a sequence of inter-related steps to 
produce soluble amines of Ni, Cu, and Co in a solution 
containing sulphate, thiosulphate, polythionate, and 
sulphamate ions and a controlled amount of free 
ammonia, the iron and other components of the con- 
centrate remaining as an insoluble residue which is 
separated from the leach solution by filtration. The 
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pregnant solution produced in leaching is further 
treated by boiling to precipitate and remove Cu as 
cuprous sulphide, leaving a copper-free solution with 
a composition suitable for subsequent precipitation of 
Ni and Cu by H,. 

The progress of individual reactions in leaching and 
copper removal is discussed. The effect of variables 
such as temperature, pressure, ammonia concentration, 
particle size, and agitation is outlined and the tech- 
nique of thionate control in leach solutions is described. 
Data is given for the physical and chemical reactions 
involved in precipitating copper from leach solutions 
as Cu sulphide by boiling. 


The article from which the above abstract is taken appears in 
AIME Trans. v. 203, p. 457; JourNaAL or Metats, March 1955. 
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Replacement and Rock Alteration 
In the Soudan Iron Ore Deposit, Minnesota 


by George M. Schwartz and lan L. Reid 


HE Soudan mine in the Vermilion district of 

northeastern Minnesota is the oldest iron mine 
in the state. It has shipped ore every year since 
1884 and still contributes a yearly quota of high 
grade lump ore. 

No comprehensive report on the Vermilion iron- 
bearing district has appeared since Clements’ mono- 
graph,’ but Gruner’ discussed the possible origin of 
the ores in 1926, 1930, and 1932, and recently Reid 
and Hustad have added data on mining and geol- 
ogy.’ * For many years geologists of the Oliver Iron 
Mining Div., U. S. Steel Corp., have kept up to date 
a series of plans and vertical sections of the Soudan 
mine. In connection with mine operation consider- 
able diamond drilling has been done, and this, to- 
gether with the mine openings, has permitted a 
reasonably accurate picture of the structure of the 
orebodies and wall rocks. 

It has long been evident to geologists familiar 
with the mine that the ores were not a result of 
weathering, a point emphasized by Gruner in 1926 
and 1930. As the deeper orebodies were developed 
it also became clear that replacement had played an 
important part in their development. In recent 
years it has been recognized that other iron ores 
were formed by replacement, as Roberts and Bartly’ 
have argued strongly for the deposits at Steep Rock 
Lake. On the basis of these facts G. M. Schwartz 
suggested to members of the Oliver staff that it 
would be desirable to study the evidence of replace- 
ment, particularly the possible alteration of the wall 
rock which would be expected if the replacement 
was a result of hypogene solutions. 

Rock Formations: The formations directly in- 
volved in the iron orebodies of the Soudan mine are 
few though far from simple. The country rock is 
largely the Ely greenstone of Keewatin age consist- 
ing of a mass of metamorphosed lava flows, tuffs, 
and intrusives which have been more or less altered 
by hydrothermal solutions. The predominant rock 
is chlorite schist. 

Interbedded with the original flows and tuffs are 
a series of beds and lenses of jasper to which the 
name Soudan formation has been applied. In the 
Vermilion district the term jaspilite has been used 
for interbanded jasper and hematite. According to 
modern usage these jasper or jaspilite beds do not 
comprise a formation separate from the Ely green- 
stone, inasmuch as the beds of jasper are interbedded 
with the flows and tuffs of the upper part of the 
greenstone. It would more nearly accord with mod- 
ern usage to consider the Soudan beds a member of 
the upper part of the Ely formation. 


G. M. SCHWARTZ and I. L. REID, Members AIME, are, respec- 
tively, Director, Minnesota Geological Survey, and Geologist, Oliver 
Iron Mining Diy., U. S. Steel Corp., Duluth. 

Discussion on this paper, TP 39551, may be sent (2 copies) to 
AIME before May 31, 1955. Manuscript, Feb. 2, 1954. New York 
Meeting, February 1954. 
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Because of incomplete rock exposure and explo- 
ration the number of interbedded jaspilite beds is 
unknown. In the mine, however, as many as nine 
major beds of jasper are known on a cross-section 
of one limb of the syncline, with an equal number 
on the other limb. In addition diamond drill cores 
show beds of greenstone down to half an inch in 
thickness. The thin beds are probably always tuffs. 

Structure: Rock structure in the Soudan area is 
complex, and because there are no recognizable 
horizons within the greenstone it is extremely diffi- 
cult to work out the details. Generally speaking, 
the major regional structure is an anticlinorium, the 
axis trending east-west, with a westerly pitch. The 
Soudan mine is related to a synclinal structure on 
the north limb of the anticline about a mile from 
the west nose of the folded iron formation. 

The general structure at the mine is that of a 
closely folded minor syncline on the major regional 
anticline. A .cross fault has dropped the east side 
so that the bottom of the syncline has not been 
reached, whereas to the west it is well shown by 
the mine openings and diamond drill exploration. 
Throughout the mine the beds of jasper, and ore- 
bodies that have replaced the jasper, normally dip 
northward at angles of 80° or steeper. In detail the 
jasper beds are extremely folded, probably as a 
result of deformation while they were still rela- 
tively unconsolidated. 

Orebodies: Ore in the Soudan mine is mainly a 
hard, dense, bluish hematite. Locally ore has been 
brecciated and cemented by quartz. The vugs com- 
monly occurring near the borders of orebodies are 
lined with quartz crystals. They seem to have 
formed as part of the ore-forming process and are 
evidence that no folding or compression of the ore 
has taken place. 

The orebodies are numerous, varying greatly in 
size. Many lenses of high grade hematite are too 
small to be mined. Some of the larger orebodies 
have been followed vertically for as much as 2500 
ft and horizontally up to 1500 ft. The large ore- 
bodies are extremely irregular in outline in the 
plane of the beds of jaspilite. In width they are 
more regular, as they are strictly governed by the 
width of the jaspilite beds and the greenstone wall 
rock, which seems to have resisted replacement by 
hematite. At many places the orebodies replace the 
jaspilite completely and have a footwall and hang- 
ing wall of greenstone. At other places either one 
or both walls may be jaspilite. 

Geologists who have studied the orebodies in re- 
cent years agree that evidence for the replacement 
origin of the hematite bodies seems conclusive. As 
noted above, many of the orebodies replace jaspilite 
beds from wall to wall with no evidence whatever 
of compaction. 

The replacement origin is also supported by de- 
tails of the banding which is characteristic of the 
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jaspilite beds. Particularly at the ends of the ore- 
bodies bands of jasper may be seen to fade into 
solid hematite. In the gradational zone remnants 
of jasper of every conceivable size and shape remain 
in the hematite, but in general the gradation is sur- 
prisingly abrupt. Solid hematite often faintly pre- 
serves the banding of the original jaspilite, although 
in the bulk of the ore the banding has been largely 
destroyed. It may be roughly estimated that a cubic 
foot of jaspilite weighs somewhat less than 200 lb, 
whereas a cubic foot of high grade ore of the same 
volume weighs about 360 lb. Therefore the mass of 
iron added to form the orebodies was great indeed. 

In lean rock adjacent to the orebodies there are 
abundant veinlets of hematite which cut the jas- 
pilite bands and appear to be replacements rather 
than filling of open fractures. 

Erratic deposits of chalcopyrite, native copper, 
and pyrite, as well as vein quartz and specular 
hematite, indicate that hydrothermal solutions have 
been at work in the ore. 

Wall Rock Alteration: If the replacement origin 
of the massive hematite bodies is accepted a prob- 
lem arises regarding the nature of the ore-bearing 
solutions and accompanying effects on the wall rock. 
This difficulty was encountered at once when work 
was started on the surface geology of the Soudan 
area in 1951. Before exploration was continued the 
problem of the alteration and its relation to the ore- 
bodies was presented to the Oliver Iron Mining Div. 
and permission was received to examine the under- 
ground openings and drill core. 

One of the striking features of the geology of the 
mine is the abundance of a light yellow sericite 
schist closely associated with the ore. Two possible 
origins present themselves: 1) The rock may be 
metamorphosed rhyolite flows or rhyolite porphyry 
intrusions. 2) It may represent alteration and re- 
placement of the more basic greenstone. 

Although the true origin of this rock is still a 
matter of debate, its character has been studied in 
thin section, and a chemical analysis of a typical 
drill core sample has been made. 

A comparison of the sericite schist with typical 
greenstone shows that the silica and potash are 
much higher in the sericite rock and that ferrous 
iron, magnesia, lime, and soda are lower. Carbon 
dioxide is abundant in the complete analysis, but 
two other determinations on different samples indi- 
eate that this is not necessarily typical. 

The close association of the sericite schist with 


Table |. Chemical Data on Sericite Schist 


Sericite Schist 


Hole 708 at Hole 639 Hole 818 
175 to 210 Ft, 200 N-169 W, at 89 Ft, at 20 Ft, 
Item 12th Level 12th Level 20th Level 1%th Level 
SiOz 59.71 
AlsO3 16.05 18.26 11.25 14.44 
FesO3 0.73 Fe 0.45 Fe 2.34 
FeO 1.81 
MgO 2.78 
CaO 4.55 trace trace 
Naz2O 0.51 
4.18 
+ 2.07 
0.29 
TiOg 0.28 
PeOs 0.16 0.38 0.16 0.44 
CO2z 6.40 0.03 0.24 
MnoO 0.15 
Total 99.67 


the ore at the Soudan mine suggests a genetic rela- 
tion, particularly because the sericite rock is rare 
elsewhere in the area. The chemical and miner- 
alogical nature, on the contrary, indicates an origi- 
nal rhyolitic rock. It is hoped that detailed mapping 
based on underground work and re-examination of 
drill cores will permit a solution of the problem of 
origin of the sericite schist. 

Greenstone Wall Rock: In connection with the 
study of the sericite wall rock an analysis of a typi- 
cal greenstone near an orebody was desirable. Ac- 
cordingly a section of diamond drill core was 
selected from a hole on the 19th level at a point 
100 ft from an orebody. In this analysis the green- 
stone was 23.28 pct ferrous iron, two to three times 
higher than that of any previously analyzed green- 
stone from the Ely formation; the silica content of 
31.85 pct is correspondingly low. Examination of a 
thin section from the analyzed core showed that the 
rock consists largely of chlorite, and in view of the 
low magnesia content (1.33 pct) the chlorite is nec- 
essarily a high iron chlorite, a fact verified by an 
X-ray determination. Calculations using the chemi- 
cal analysis indicate about 58 pct chlorite, of which 
54 pct is the iron chlorite molecule. In addition to 
chlorite the thin section contains sericite, kaolinite, 
hematite, leucoxene, and rutile. Veinlets of sericite 
are bordered by chlorite. Some have kaolinite and 
probably other clay minerals in the center. The 
amount of potash, 4.18 pct, indicates about 25 pct of 
sericite in the rock. 

These results suggest a large degree of replace- 
ment of the wall rock during formation of the hem- 


Table Il. Chemical Data on Greenstone 


From 


Drillhole on M4011, Green- Average of 
From 22nd Level. From From Sample From stone from All Known 
Drillhole North Wall Drillhole From Drillhole from Drillhole Outcrop. Sec. Analyses of 
on 19th of Montana on 20th Surface on 19th 19th on 15th 9, T. GL N, Normal Ely 
Item Level Orebody Level Drillhole Level Level Level R.14W Greenstone 
£1208 : 2.5 5.82 1.92 2.07 
5.6 bs) 2.7 1.0 
26.3 24.7 20.3 12.6 12.1 14.46 7.33 7.66 
MgO 1.33 9.35 
CaO 0.04 
NazO 0.43 071 
3.26 157 
H2eO + 8.12 0:06 
0.48 0.89 
TiO2 0.84 0.10 
0.09 
P205 0.16 
MnO : 0.06 
Total 99.98 


0. 
Total 99.5 
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atite ore. Further data was necessary before any 
firm conclusion could be drawn and several green- 
stone drill cores from wall rock near ore were ana- 
lyzed for FeO, Fe.O,, and total iron, as shown in 
Table II. 

Six samples, ranging from 12.1 to 26.3 pct, aver- 
aged 19.12 pct ferrous iron. An additional sample 
collected from a single flow many miles from known 
ore showed only 7.3 pct ferrous iron. As an aver- 
age of the ferrous iron in five previously analyzed 
greenstones was 7.22 pct, for practical purposes 7.5 
pet ferrous iron may be considered normal. There 
is little doubt, therefore, that the greenstone wall 
rock of the orebodies has been altered by a large 
addition of ferrous iron, combined water, and possi- 
bly some addition of alumina, assuming that the 
greenstone of the wall rock was originally a normal 
type. Although this cannot be proved it is believed 
to be a reasonable supposition. 

Paint Rock: At many places in the Soudan mine 
another type of wall rock alteration occurs, a soft 
red rock referred to as paint rock in the mine. Dis- 
covery of the high ferrous iron content in the green- 
stone rock has clarified the origin of the paint rock, 
which appears to be an oxidation product of green- 
stone. A sample of paint rock, one of many from 
the drill core, was selected only a foot away from 
the greenstone. Analysis showed the conspicuous 
difference to be a conversion of ferrous iron to ferric 
iron. The silica is lower, see Table III, and the com- 


Table III. Analysis of Greenstone and Paint Rock Samples. 
No. 3521 Greenstone Paint Rock 
from Drillhole from Same 
Item on 19th Level Drillhole 
31.85 25.29 
AlsOz 27.93 19.61 
Fe2O3 2.15 38.16 
FeO 23.38 6.44 
MgO 1.33 0.40 
CaO 0.04 0.29 
0.43 0.42 
3.26 3.74 
H2O + 8.12 3.80 
0.48 0.70 
COz 0.04 0.08 
0.81 0.68 
P205 0.08 0.19 
MnO 0.08 0.02 
Total 99.98 99.82 


bined water much lower, as would be necessary if 
ferrous iron of chlorite were converted largely to 
hematite as it apparently has been here. 
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Structure and Mineralization at Silver Bell, Ariz. 


by Kenyon E. Richard and James H. Courtright 


DISCUSSION 

Thomas W. Mitcham (Strategic Minerals, Inc., Grand 
Junction, Colo.)—The authors have presented a sig- 
nificant contribution to the field of mining geology. 
The article is graphic, remarkably concise, and crisply 
-original. The presentation is made on only three 
pages with two maps, but their Silver Bell story is 
entirely adequate in background, development, and 
conclusion. Most of their colleagues would agree that 
this paper reflects the high quality of the work which 
these unusually capable men have done in the Silver 
Bell area over the past few years. 

The Silver Bell area is one of complex tectonic 
structure, and time and spatial relationships are by 
no means apparent. Actually, most of the observations 
and interpretations in this paper are new to published 
geologic literature on the Silver Bell area. I am in 
agreement with these interpretations with two possi- 
ble exceptions, which are discussed below. 

One might well define the three roughly parallel 
west-northwest faults, shown on the insert of Fig. 2, 
as the major structural elements of the area. North to 
south, I propose that these be named the Ragged 
Mountain fault, the Silver Bell fault zone, and the 
Waterman thrust, after the mountain ranges which 
are the results of these major structures. While I 
would agree with the authors that the northern two 
of these major structures are high-angle faults of the 
Laramide revolution, my impression is that the south- 
ern structure is a low-angle thrust of approximately 
Miocene age. In support of this opinion, I submit the 
following observations: 1) irregularity of the fault in 
strike; 2) scarcity of Laramide intrusives and altera- 
tion of sediments along the fault; 3) present high re- 
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lief of the Waterman Range which indicates youth or 
certainly rejuvenation; and 4) existence of a series of 
parallel structures farther to the south which results 
in an outcrop pattern suggesting imbricate thrusting. 
The authors have stated that Laramide igneous ac- 
tivity began with the intrusion of alaskite. Some 
dacite flows appear to be conformable with Cretaceous 
beds, and thus my impression was that alaskite fol- 
lowed the intrusion and extrusion of dacite. I would 
be interested to learn of evidence in support of the 
reverse relationship suggested by the authors. 


Kenyon Richard and J. H. Courtright (authors’ 
reply)—The authors appreciate Mr. Mitcham’s atten- 
tion to this paper. The names he proposed for the 
major faults seem appropriate. His suggestion that 
the Waterman fault is a thrust may be correct be- 
cause he did more work in that particular area than 
the authors. However, it is believed that no direct 
evidence of a low-angle thrust relationship has been 
recognized, and the authors consider that indirect evi- 
dence favors a high-angle fault interpretation. 

The pre-dacite flow age of the alaskite is definitely 
established, the authors believe, by the fact that the 
flows rest on an erosion surface which was carved in 
the dacite porphyry, an intrusive clearly younger than 
the alaskite, as evidenced by inclusions of alaskite 
occurring in dacite porphyry. No direct evidence of 
Cretaceous sediment-flow rock relationships was found 
at Silver Bell, but in the nearby Tucson mountains 
dacite agglomerates, megascopically similar to those at 
Silver Bell, overlie a basal conglomerate which in turn 
rests on the truncated edges of steep-dipping Cretace- 
ous arkosic beds. 
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The Daniel C. Jackling Award 


To E. D. Gardner 


An annual invitational address by an outstanding man in 
mining, geology, or geophysics who has contributed sig- 
nificantly to the progress of technology in these fields. 


Presentation by Fell Extt 


N 1954, the first year the award was conferred, 

Fred Searles, Jr., remarked, “‘The earlier years are 
the easiest.”’ In this, the second year, it was easy to 
choose the outstanding mining engineer. 

Our conferee this year has been destined to mine. 
He comes from pioneer stock, and though a son of 
the American Revolution he is most proud that all 
four of his grandparents came to the Jordan River 
Valley of Utah the “first summer,” which all Utahns 
will recognize as 1847. At the time of discovery of 
high-grade ore in Bingham, his grandfather, Archi- 
bald Gardner, had a crew of men getting out saw 
timber in the area. The first claim staked in Bing- 
ham Canyon was named the Jordan, and Bishop 
Gardner was the colocator of the claim as well as the 
man to record it. 

E. D. Gardner was born in West Jordan, Utah, in 
view of Little Cottonwood Canyon, the site of the 
Emma Mine. Park City in the Wasatch Mountains 
a few dozen miles to the east, and Tintic, not much 
further to the south, were developing their vast ore- 
bodies throughout his youth. As a boy he was near 
the present Midvale metallurgical area and could 
see the Lark and Bingham Canyon mine dumps and 
imagine the mining activities at Tooele, Ophir, and 
Mercur just over the nearby Oquirrh Range. He was 
11 years old when the first car of copper ore was 
shipped from Bingham Canyon. It was not surpris- 
ing that he attended the University of Utah and 
graduated with an engineer of mines degree. 

Five years with the Utah Apex in Bingham Can- 
yon as chief engineer and assistant superintendent 
completed his training for the 44 years of unselfish 
and lightly rewarded service he was to give the min- 
ing industry as a Government engineer. 

All of us in mining are familiar with the great 
work he carried on and directed during the genera- 


tion he supervised the Southwest Experimental Sta- 
tion at Tucson. He has written scores of papers and 
books. His observations and experiments on drilling 
and blasting have led to the important improvements 
in this field during the past quarter century. 

Whereas those of us who consider ourselves widely 
informed about underground metal mining methods 
make hasty trips through a half dozen or dozen 
mines a year, our conferee has visited them all—not 
only the metal mines, but also coal and hundreds 
of nonmetallic mines, in the United States, Canada, 
Latin America, and overseas. His keen observations 
and analytical mind have resulted in an encyclo- 
pedic knowledge of mining and mines. 

His improvements in mining technology have 
been steady and predictable. His elucidation of min- 
ing problems to the many young engineers that have 
come under his guidance have made them grow 
strong and useful to his industry. When he chooses 
to stop, his influence will continue to expand and 
prosper because of the inspiration and dedication he 
instilled in so many of us. The profits from his ideas 
have been distributed throughout the mining indus- 
try. He has remained a technical man who felt that 
he could serve the mining industry best as a Gov- 
ernment engineer. But he is the staunchest advocate 
of the belief that the public should gain from his 
work through private industry. 

This is not the first recognition E. D. Gardner has 
received. The Department of the Interior awarded 
him the coveted Medal for Distinguished Service 
in October 1949, and he received the Engineering & 
Mining Journal’s Salute in March 1951. 

His friends who are presenting him the Daniel C. 
Jackling Award today know this great mining engi- 
neer simply as ‘‘Ed”’ Gardner. 
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The 1955 Yachling Lecture 


Mining Technology—Outlook for the Future 


by E. D. Gardner 


Be. years ago the Utah Copper enterprise at 
Bingham was just getting under way. An epic in 
metal mining was in the making. Throughout the 
West the bonanza deposits were approaching ex- 
haustion and most ore still went direct to smelter. 
But concentrators were shortly to be constructed for 
treating milling grade ores, and most important, the 
pilot plant for the Utah Copper enterprise was being 
built that year at the mouth of Bingham Canyon. 
The same decade was to see development at the In- 
spiration mine in Arizona of the most important new 
mining method for 50 years to come—undercut 
block caving. 

Although the average grade of ore being mined 
has been declining for 50 years, and wage rates and 
prices of supplies have been greatly increased, the 
mining industry has continued to grow and to pros- 
per. Technology has advanced to a point where min- 
erals can be mined under the most severe conditions. 
The hardest rock can be drilled and broken and the 
heaviest ground handled. Large or small, an ore- 
body can be mined successfully, at any desired rate 
of production. It is possible to pump great volumes 
of water and to ventilate the most extensive work- 
ings; air conditioning has made practicable the min- 
ing of ore where the rock temperatures are beyond 
those that can be borne by man. 

Mining today in the U. S. is a huge earth-moving 
operation. In 1953 nearly 2 billion tons of material 
were mined for direct use or for processing. Strip- 
ping at open-cut mines totaled about 1.7 billion cu 
yd. Table I gives relative tonnages of the branches of 
the mineral industry in 1953. 

In addition to the solid materials moved, 350 mil- 
lion tons of petroleum and 340,000 tons of gas were 
produced in 1953. Fifteen million tons of salt and 5 
million tons of liquid sulphur were pumped from 
wells. An appreciable amount of copper was recov- 
ered by leaching old mine workings and dumps. 

Total value of minerals produced in 1953 was $14.4 
billion: oil and gas $7.6 billion, coal $2.6 billion, 
nonmetallics $2.4 billion, and metals $1.8 billion. 

Formidable problems face some branches of the 
industry today, especially pertaining to increased 
output tons per manshift. The time has come when 
these problems should be reappraised. With current 
wage rates, the industry no longer can afford to pay 
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men to do manual labor. It should be recognized, 
also, that the miner is a skilled worker; efforts to 
promote the dignity of his calling and his pride of 
accomplishment have yielded beneficial results. 

Mineral deposits occur under widely varying con- 
ditions. In most instances the degree of support 
needed by the roof and walls is the deciding factor 
in selection of an underground mining method. The 
degree of support needed, in turn, is governed by 
natural physical characteristics of the ore and its en- 
closing rocks. 

Mine operators, of course, learn to judge ground 
by observation, and an experienced mine boss gen- 
erally can anticipate what will happen following any 
given mining operation. A more scientific approach, 
however, would be advantageous in most cases. 

More should be known about the strength of the 
ore and the enclosing rocks, more about stresses set 
up in the ground when ore is removed, and more 
about the mechanics of moving ground. Better 
understanding would work both ways: first, favor- 
able rock conditions could be fully utilized for more 
efficient mining, and second, hazards of rock falls 
could be minimized, loss of ore in mining reduced, 
and expenses caused by ground pressures and sub- 
sidence lowered. 


Table |. Tonnages Handled by the Mineral Industry, 1953 


Stripping 
Material Mined, Removed, 
Millions of Tons Millions 


Commodity (2000 Lb) of Cubic Yards 


Sand, gravel, stone, clay, and 


gypsum 869 83 
Coal 484 1277 
Iron ore 175 170 
Placer gravels 123 12 
Copper ore 101 85 
Phosphate ore 40 42 
Lead and zinc ore a 25 0 
Potash ore 9 0 
Molybdenum ores 0 
Others 17 7 

6 


Total 1850 167 


In general, mining comprises breaking the ore or 
rock in place, supporting the mine workings, and 
transporting the ore to the surface. This latter is a 
materials handling problem. Ventilation, of course, 
must be provided, and the mines must be kept free 
of water. Development work at some places is the 
most important cost item in extracting ore. 

Drilling and blasting remain the usual practice for 
breaking ore or rock from place except, of course, at 
block-caving mines. The drilling and blasting prac- 
tice at a mine must fit the mining method. In laying 
out mining procedures attention is being given to 
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Looking Back 50 Years 


In 1905 the bonanza deposits of Bingham were 
largely depleted and the area was spotted with 
worked-out mines. This also was the case in 
many other western districts. The lead and cop- 
per ores of Bingham were being shipped to Salt 
Lake Valley smelters. Concentrators, however, 
were constructed shortly thereafter for treating 
milling grade ores. The pilot plant for the Utah 
Copper enterprise was being built that year at 
the mouth of Bingham Canyon. 

In those days there were able operators and 
skilled miners who were proud of their calling, 
but the safety record, by present standards, was 
terrible. One lead mine at which the author 
worked produced about 2 tons per manshift. 
This was considered good then, especially as 
over half the total effort was expended in find- 
ing and developing ore. 

Living conditions at Bingham, as elsewhere in 
the western mining districts, were primitive. 
Few miners were married and few houses were 
available. One mine boarding house of 1905 was 
run by the foreman’s brother-in-law; the cost of 
bed and board was a dollar a day. 

The wage rate for underground miners at 
Bingham in 1906 was $3 per day, which was 
average for the western districts. This rate is 
less than one quarter of current scales. The 
present writer worked up to $150 a month as 
chief engineer. The local manager made $250. 
There were 8-hr shifts seven days a week—Utah 
law limiting underground work to 8 hr had been 
passed a few years previously. The monthly 
payday was on the 20th of the succeeding 
month. Miners could assign their time to a store 
and draw cash ahead of payday at a cost of 2 pct 
per month, or part of a month. 


In 1906 compressed air was used to run drills, 
pumps, and underground hoists. Electricity was 
just beginning to go underground, and each 
miner carried a candle for lighting. The 350-lb 
piston drill of that day was a far cry from the 
modern 75-lb hammer machine mounted on a 
jackleg. Dry stopers, named widow-makers by 
the men, were used in stopes and raises. The 
jackhammer had not arrived. 

Mining explosives were adequate; detonation 
was by caps and fuse. A large proportion of the 
mine force was comprised of muckers at $2.75 
a day. There were no mechanical loaders or 
scrapers for handling ore or rock, and wheel- 
barrows were often used in stopes. Horses and 
mules were used for main line haulage but con- 
siderable hand tramming also was done. In 
those days brawn was an important qualifica- 
tion for a mine workman. 

Fifty years ago most of the present under- 
ground methods were already developed; the 
standard methods in the West were open stope, 
square-set and fill, shrinkage, and cut-and-fill. 
Top slicing and sublevel stoping had been intro- 
duced in the Lake Superior iron mines. The 
Michigan and the Butte, Mont., copper mines, 
then at peak production, developed methods and 
practices that influenced underground mining 
throughout the country. The general mining 
methods in the Mississippi Valley lead fields and 
the Tri-State district were also established at 
that time. 

Coal was largely undercut and mined by hand 
50 years ago, although coal cutting machines 
were introduced underground as early as 1866. 
The room-and-pillar system of mining was in 
use then as now. On the surface the railroad- 
type steam shovel was used, although ore was 
shoveled chiefly by hand at the smaller mines. 
Horse-drawn scrapers generally were used for 
stripping overburden. 


rock characteristics as related to fragmentation, but 
it appears that more attention will be required in the 
future. Proper fragmentation, important at mines 
where hard ore is blasted, is even more important in 
mining by block caving. Boulders ‘in broken ore are 
costly to reduce and restrict output at a working 
place. Savings in drilling and explosive in primary 
stope blasting can well be overbalanced by the extra 
cost of handling the coarser material. 

In mining flat deposits where the broken ore is 
loaded directly into cars or trucks for transport to 
the surface, the ore should be blasted to size that 
can readily be handled by mechanical loaders. Un- 
fortunately, from the viewpoint of the hard-rock 
miner, a primary crusher selected for capacity alone 
may not have openings large enough to take the 
coarse material normally broken in mining. 

Coarse ore cannot be handled readily at skip 
pockets. The trend at shaft mines where the ore is 
coarse is to place the primary crusher underground 
if tonnages involved justify added capital expense. 

Rock raises are replacing timbered chutes at some 
hard-ore mines; the ore is loaded into cars by me- 
chanical loaders at the haulage level. This practice 
eliminates chute repairs, drawing out of chute gates, 
and loss of time caused by hung-up chutes. More- 
over, considerably less secondary blasting is re- 
quired. Sticky ore also is handled in this manner at 
some places. 

When a new mine requiring grizzlies is laid out, a 
compromise interval between the bars is selected 
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that is expected to give optimum costs in handling of 
broken ore. Chutes, chute gates, and skip pockets 
are then constructed to handle the maximum size 
that will pass through the grizzlies. Haulage equip- 
ment is also selected with this in view. If it is found 
after production begins that the ore breaks more 
coarsely than is expected, there is trouble all along 
the line. This is especially true in block-caving 
where persistently hung-up draw points interfere 
not only with production but with stope control, 
grade, and ultimate recovery. If the grizzly interval 
is increased to permit drawing the required tonnage, 
expensive reconstruction may be necessary to handle 
the coarser material out of the mine. 

Recently drilling practice on the surface has been 
greatly improved. Rotary drills are now replacing 
churn drills at many mines. Jet piercing for making 
holes in very hard rock is also being improved. 


Rotary Drilling Progresses 


Portable air compressors for drilling blastholes 
with percussion drills are being adopted where prac- 
ticable both underground and on the surface. This 
eliminates air pressure drop due to line losses, the 
cost of laying air lines, and interference of the lines 
with other operations. 

The percussion drill has been steadily improved 
over the past 50 years. During the last decade jum- 
bos have come into general use underground for de- 
velopment headings and in flat stopes. Models are 
being improved yearly, and a push-button Jumbo is 
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about here. The jackleg is widely used to support 
lightweight drills, both for stoping and development. 

Development of carbide-insert bits during the past 
few years has made possible not only lower drilling 
costs but important improvements in drilling prac- 
tices underground. Holes now can be drilled the full 
length with a single piece of steel. Breakage of drill 
rods, however, is a large expense item in percussion 
drilling. Manufacturers are supplying an improved 
product, but the need for better steel remains. 

Auger and rotary drills have been used for putting 
in blastholes in coal and similar materials for years. 
Development of carbide bits has made practicable an 
electric rotary drill for making blastholes in under- 
ground metal mines. Such a drill is surely on its 
way, at least for use in sedimentary rocks. The drill- 
ing rate promises to be higher than with percussion 
drills, and there would be a great saving in power 
and in rod breakage. Moreover, the miner wants to 
eliminate the noise of percussion drilling under- 
ground; it would not be tolerated in a factory at 
the surface. 

Both surface and underground blasting techniques 
have recently been improved. Millisecond detonators 
now are largely used in opencut mines. Research. is 
being done for a better underground explosive. 

The mining industry would like to break ore and 
rock underground without blasting, which necessi- 
tates conducting most underground operations in ac- 
cordance with a cycle. A continuous operation 
would be preferable. Moreover, the concussion of 
blasting injures mine installations and the force of 
the explosions extends into the wall rocks, causing 
weak spots that require support where otherwise 
none would be necessary. Although there are few 
accidents with explosives these days, handling is 
hazardous. 


Better Machines, Better Supports 


More machines are employed for digging coal from 
place and for running entries. The bituminous in- 
dustry is now experimenting with European long- 
wall mining machines. Coal-mining machines are 
being introduced in other mines where the material 
is physically comparable to coal. A 36-in. auger de- 
veloped for mining coal from under the high walls 
of strip pits has been tried experimentally for start- 
ing drifts from the surface in shale at a metal mine. 

Although tunneling machines will soon be used for 
driving both horizontal and inclined headings in soft 
materials, they will probably be of little use in hard 
rock, as expected power consumption and antici- 
pated bit costs are deterring factors. 

Machines have been developed for exploiting flat 
beds, which produce most of the nation’s coal. Such 
a machine is also needed for inclined deposits. 

As the years go by, more steel and concrete are 
placed underground. Collapsible steel and aluminum 
temporary supports are coming into use in coal 
mines and in metal-mine stopes. Stope filling with 
mill tailings is increasing. 

Most mine accidents are caused by falling rock. 
Sets with projecting shields have been designed for 
advancing headings in dangerous ground and will 
be used in the immediate future. 

Roof bolting, an important development in coal 
mining during the past six years, permits freer and 
more efficient utilization of mechanical equipment in 
flat deposits. Occasional roof bolts in high stopes 
have been used in the Missouri lead mines for a 
decade, but since being introduced into coal mines, 
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rock bolting has found a broad application in stopes, 
tunnels, shafts, and other underground mine struc- 
tures, and new applications are continuing. Numer- 
ous economies are being effected. For example, rock 
bolting of occasional loose slabs has permitted min- 
ing some deposits by shrinkage rather than by the 
more expensive cut-and-fill method. 

Time is a factor in heavy ground. New and im- 
proved equipment and better procedures have per- 
mitted faster mining of many deposits, minimizing 
the problem of wall support. 

During the past two decades there has been a tre- 
mendous increase in road building and other surface 
construction. This has afforded manufacturers an 
ever-increasing, competitive market for improved 
earth-moving equipment. Surface mines have 
profited from these developments. 


Vast Stripping and Open Pit Projects 
Are Now Feasible 


With the advent of larger and more efficient drill- 
ing, excavating, and haulage equipment it has be- 
come economical to strip greater thicknesses of 
overburden from mineral deposits. Ore deposits are 
now being mined from surface workings that 10 
years ago would have been developed for under- 
ground exploitation. 

During the past 50 years the principal improve- 
ment in power shovels used at surface mines has 
been in mobility. Shovels with maximum capacity 
of 6 or 7 cu yd now are preferred for loading at most 
mines. Larger and more powerful excavators, how- 
ever, are being constructed for stripping mineral de- 
posits where the spoil can be cast aside or back into 
worked-out areas. Draglines and shovels with 40- 
cu yd dippers or buckets are in use, and larger ma- 
chines are under construction. 

The trend now is toward larger off-highway 
trucks. At a number of mines 15-ton diesel trucks 
that formerly had been standard equipment were 
replaced 5 years ago with a new model of 22-ton 
capacity; in 1954 this model, in turn, was replaced 
with a 35-ton truck. A 75-ton truck was placed in 
operation at an Arizona copper mine in 1954. Fifty- 
ton trucks operate at relatively high speeds on good 
roads at coal strip mines. The trend toward larger 
and more expensive trucks probably will continue, 
but it would appear that the economic limit for size 
is not far away. 

During the past 20 years trucks have been replac- 
ing rail haulage at surface mines; rail haulage, how- 
ever, is still preferred where very large tonnages are 
to be handled. Belt haulage is increasing but so far 
is used chiefly at pits reaching such depths that other 
forms of haulage are difficult. 

Underground metal mining is not so fortunate in 
regard to mechanization as surface mining. Lime- 
stone miners were first to pull up their tracks and 
take trucks and other quarry equipment under- 
ground. S. S. Clarke introduced such equipment in 
the Tri-State zinc district during World War II, and 
it is now generally used in flat-bedded deposits with 
strong roof stones. Because of the limited market, 
the mining companies rather than the manufacturers 
have had to take the lead in modifying quarry load- 
ing and haulage equipment to fit the more limited 
space in underground workings. 

Mechanical loaders and hoist-pulled scrapers or 
slushers were coming into use underground at the 
time of World War I. Scrapers proved a boon to the 
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operator for pulling ore out of stopes with dips up 
to 45°. Loaders were first used for headings. 

A tractor-mounted loader in general use in under- 

ground coal mines loads into rubber-tired shuttle 
cars. A model of this machine capable of handling 
rock has been developed for use in noncoal mines. 
It has special application in flat-bedded deposits 
with low headroom. 
! Various types of conveyors are used increasingly 
in underground mines. Belt haulage has been 
adopted for main haulage lines at a number of places. 
Where track haulage is used, the trend is toward 
wider track gages, heavier rails, larger cars, and 
more powerful units. 

Haulage remains one of the principal costs in min- 
ing narrow, steeply dipping veins. The small op- 
erator needs a better system than the small cars on 
a crooked track now used. Improvement is not im- 
possible, but the potential market is not enough to 
encourage manufacturers to go into this field. 

Equipment for unwatering mines has advanced 
greatly during the past 50 years. The deep-well 
pump developed for raising water for agriculture 
has been adopted by the miner, especially for drain- 
ing areas before mining. 

Mines are now better ventilated and more com- 
fortable for the workers. Air conditioning has made 
possible working in such mines as Magma at Su- 
perior, Ariz., where the rock temperature on the 
4800 level is 156°F. 

Mining competes with other industries for work- 
men and for technical help. Inherent occupational 
hazards are greater in mines than in factories. Mines 
may be wet, uncomfortably warm, or dusty, and 
working places inadequately lighted. The mining 
industry is taking action to improve working condi- 
tions underground and is designing with a view to 
the operator’s comfort and convenience. One com- 
pany has redesigned the controls and control room 
of a dragline so that the operator can get a better 
view of the digging unit. Controls can be handled 
more conveniently, and the control room has been 
made as comfortable as an office. Better housing is 
being provided for mine employees. A successful 
operation needs a steady and competent crew. Ifa 
miner’s wife is proud of her home, he is more likely 
to be proud of his job. 

Future mining is going to require more engineer- 
ing knowledge. Since World War II the number of 
mining graduates has been seriously declining, and 
this problem, too, merits study by the industry. 


The Bold Concept 


Improvements in mining technology are now be- 
ing made and will continue to be made. It is the 
bold conceptions, however, that make mining his- 
tory. Daniel C. Jackling’s conception, about 50 years 
ago, that large masses of low grade copper rock 
could be mined at a profit was perhaps the boldest 
of them all. The mining of 20,000 tons per day 
underground by a newly conceived method was a 
bold idea at Inspiration as is the new open-pit oper- 
ation around that exhausted underground mine. The 
Greater Butte project was a bold conception. The 
San Manuel in Arizona and White Pine in Michigan 
are likewise bold in conception but are as yet un- 
proved. The demands of bold conceptions have forced 
development of new technique and equipment. 

The steel industry of this country has shown great 
boldness during the last few years in insuring for 
itself future supplies of iron ore. One of the most 
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costly domestic mining projects of all time is the 
current plan for exploiting the taconite iron ores. 

There still is room for future bold conceptions. 
Sulphur is now melted in the ground and pumped 
through pipes to the surface. Salts are dissolved at 
depth and likewise pumped in solution. Copper is 
leached from dumps, country rock, stope fill, and ore 
remnants from old mines after stoping has ceased. 
Experiments are being made ‘on gasifying unmined 
coal and leaching other valuable minerals from 
place. The field is wide open, but for the near future 
at least, metal ores still will have to be mined. 

An operator cannot afford to pay the high prices 
for mechanical equipment unless tonnage to be 
handled justifies the cost. Neither can he afford to 
pay a man for waiting around before or after he 
performs his allotted tasks. As one phase of a cycle 
is improved, there is often a lag before all the work 
is synchronized. New mines are laid out to conform 
to engineering principles, and there is a trend to- 
ward engineering analyses of operating mines. Such 
analyses, where made, have indicated that lower 
costs could be achieved by improving procedures. 

The domestic mining industry has been a leader in 
publishing its methods and practices. This has been 
very important in the development of the country’s 
overall technology. There is now an interchange of 
ideas between the different branches of the mining 
industry, and in future there will be more. The time 
is here, however, when the industry must go farther 
afield. Some European mining practices are more 
advanced than those in this country. Carbide bits 
were in general use in Europe before they were in- 
troduced here. Five years ago Swedish drilling and 
blasting practices were ahead of ours. American 
mining engineers are now going abroad to study 
European mining technology. 

Other industries have pulled ahead of under- 
ground mining in technical developments during re- 
cent years. Although mining is adapting some of 
these new developments to its own use, it would 
appear that the adaptation could be extended. 


Accelerated Research Is Needed 


Bituminous coal operators are supporting a min- 
ing research program on an industry-wide basis and 
some metal mining companies have small mining re- 
search groups. Centers are supported for research 
in the treatment of ores, but mining lags far behind 
other modern industries in this respect. 

In summary, there has been uninterrupted prog- 
ress in U. S. mining technology since 1900. Rate of 
advance has been higher during the past decade, and 
further progress can be expected. There will be 
continued improvement and modification of mining 
methods to fit new procedures and new machines. 

Mechanization and better machines are contribut- 
ing to the increase in tonnage per manshift. Manu- 
facturers can be relied on to provide new and still 
better equipment where probable demand appears 
to justify development costs. 

Operators of small mines appear to be particularly 
burdened by the high labor scale and high prices of 
equipment and supplies. Their plight demands study. 

Improvements in mining technology can be devel- 
oped through mining research. An accelerated min- 
ing research program appears necessary to future 
prosperity of the industry. The obstacles, however, 
are not insurmountable. The mining industry has 
solved its problems in the past, and the outlook for 
the future appears bright. 
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INCE German operators opened the Tsumeb mine 

in the early 1900’s, continuous operation has been 
interrupted only by enforced shutdowns during two 
world wars and the depression of the 1930’s. Orig- 
inal metallurgical practice was blast furnace smelt- 
ing. This was applicable only to low zinc ore, leav- 
ing large tonnages of high zinc ore to be stockpiled 
on the surface. A gravity concentrator using tables, 
buddles, and jigs operated for several years, but 
differential flotation of the ore did not get beyond 
the experimental stage. 

When the property was put up for sale by the 
South African Custodian of Enemy Property there 
was an estimated 434,000 tons of ore on surface 
dumps. The dump material, assaying 4.48 pct Cu, 
15.8 pet Pb, and 10.9 pct Zn, had become highly 
oxidized during a stay of many years on the surface. 
But these dump ores had to be used in evaluating 
possible metallurgy because the shaft became flooded 
after the 1940 shutdown and underground ore was 
unavailable. Many companies examined Tsumeb 
but quickly lost enthusiasm because of the formid- 
able metallurgical problems presented by the dump 
ore. However, on the basis of extensive test work, 
the present company decided that differential flota- 
tion would be successful and purchased the prop- 
erty after competitive bidding. 


Geology and Mineral Association is Complex 

The Tsumeb mine lies near the northern boundary 
of South West Africa at an altitude of 4200 ft. The 
village of Tsumeb is 335 air miles northeast of Wal- 
vis Bay, territorial port of entry. 

The orebody is a hydrothermal replacement de- 
posit associated with an irregular intrusion of aplite 
cutting folded pre-Cambrian dolomite beds. In plan 
the deposit is a lens of 250x600 ft maximum dimen- 
sions. In section the orebody dips 55° south from the 
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Development of Metallurgical Practice 


by J. P. Ratledge, J. N. Ong, and J. H. Boyce 


surface to 2000 ft, below which there is a reversal in 
dip to 75° north. Mineralization is localized in the 
aplite and in the adjoining brecciated dolomite. In 
the upper levels the ore is largely confined to a 
single lens, but below the 1890 level massive sul- 
phide ore forms north and south lenses that partially 
enclose a pipelike body of medium to low grade dis- 
seminated ore, part of which is of too poor a grade 
to mine. 

Drilling below the 24th, or bottom level, has dis- 
closed that a high percentage of the mineralization 
from the 3000 to 3300-ft horizons is comprised of 
copper and lead oxides. The deep oxidation may be 
local, since it appears due to circulating waters in a 
major fault cutting the orebody. 

Tsumeb ranks as one of the highest grade base 
metal deposits in the world. It is geologically and 
mineralogically famous for 41 copper, lead, zinc, 
vanadium, and germanium ore minerals, but its 
complex mineral assemblage is not attractive to 
metallurgists. In addition, there is a gradual change 
in oxidation intensity from the upper levels to the 
lowest level now operating, which is the 24th. This 
is well illustrated by the copper minerals. In the 
upper levels malachite and azurite are predominant, 
in the intermediate levels chalcocite, and in the 
lower levels tennantite. 

Throughout the mine there are sufficient heavy 
metal soluble salts to activate zinc, and large 
amounts of depressants are required even for so- 
called clean sulphide ores. When the same sulphide 
ore is exposed to prolonged oxidation aboveground, 
as was the case with the dump ores, reagent require- 
ments become fantastic. 


Plant Construction 


First staff members arrived at Tsumeb in March 
1947, and by May essential services had been re- 
stored and mine unwatering began. In 214 months 
company employees built a temporary jig and sort- 
ing plant for treating existing dumps to provide a 
saleable product during high metal prices. Mean- 
while, concentrator design and construction was 
contracted to a South African firm, with subcon- 
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tracts subsequently let to local firms. The site se- 
lected for the new mill was an area occupied by the 
old German plant and by part of the surface dumps. 

Construction crews arrived in April 1947 and be- 
gan dismantling the existing gravity concentrator 
and part of the smelter to reclaim steel for new 
buildings. Because of the worldwide steel shortage 
reclamation was a necessity, and to meet the prime 
objective of speed, dismantling of the steel structure, 
moving of dumps, and excavations were carried on 
simultaneously. By March 15, 1948, the concentrator 
was completely under cover and the first grinding 
and flotation section in operation. 


Plant Design 

Concentrator design provided three identical 
grinding units, each with a 5x10-ft open-circuit rod 
mill, a 5x7-ft primary ball mill in closed circuit 
with an 8x30-ft Dorr duplex classifier, and a 5x7-ft 
secondary ball mill in closed circuit with a 12x30-ft 
Dorr quadruplex classifier. Regrind of lead and zinc 
middlings was taken care of by two 5x7-ft ball 
mills, each in closed circuit with a bowl classifier 
10x31-ft 8 in. x 16-ft diam. 

Choice of small units was in part dictated by 
availability, since motors for large units were not 
readily obtainable. A second factor in the choice of 
small units was that characteristics of underground 
ore were unknown at the time the mill was built. 
The final decision was to capitalize on the necessity 
of using small mills and gain flexibility by having 
three separate grinding and flotation circuits. It was 
thought that no single circuit could cope with the 
range from oxide to primary sulphide ores, and the 
separate flotation circuits have subsequently proved 
of inestimable value. 


Present Flowsheet 

Ore from the DeWet shaft ore bin is successively 
reduced in a 30x42-in. Birdsboro-Buchanan jaw 
crusher, a 4144-ft Symons standard cone crusher set 
at 1%-in., a 44%4-ft Symons standard cone set at 
34-in., and a 4-ft Symons short-head set at 5/16-in. 
The final product, 5/16 in., goes to the fine ore bins 
at the plant. 

Two initial grinding circuits are available, owing 
to changes from the original plant design and shifts 
of equipment necessitated by metallurgy: 1) through 
parallel open-circuit 5x7-ft and 5x10-ft rod mills, a 
6x30-ft Dorr classifier, and a 5x7-ft rod mill, or 2) 
through a 5x10-ft rod mill to a 5x7-ft ball mill in 
closed circuit with an 8x30-ft Dorr classifier. Pulp 
from either of these groups of mills then goes to a 
9x7-ft ball mill in closed circuit with an 8x30-ft 
Dorr classifier that provides the heads to the two 
banks of eight 36-in. Agitair primary Cu-Pb flota- 
tion cells. Primary flotation tailings, joined with the 
Cu-Pb cleaner tailing, go to a secondary circuit con- 
sisting of a 5x7-ft ball mill and a 6x30-ft classifier. 
Secondary classifier overflow returns to secondary 
flotation, and the tailing from these two banks of 
eight 36-in. Agitairs then goes to a regrind circuit, 
which has two 10x30-ft Dorr classifiers and one 5x7- 
ft and one 5x10-ft ball mill. The regrind mill dis- 
charge goes to the secondary flotation section as did 
the product from the secondary grinding circuit. 
However, the overflow from the regrind circuit 
classifiers goes to a third stage of fiotation, consisting 
of two banks of 16 36-in. Agitairs. Rougher tailing 
is taken from this third stage, and the third stage 
concentrate joins the primary and secondary stage 
concentrates at the cleaner cells. Part of the cleaner 
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concentrate is split to the germanium circuit and the 
remainder goes to filters. Rougher tailings go to the 
zine circuit conditioners after thickening. 


Development of Sulphide Grinding and Flotation 


On Mar. 15, 1948, the first concentrator unit began 
treating 300 tpd of dump ore, following the original 
flowsheet. Single-stage rod milling was followed by 
two-stage primary ball milling, one stage of rougher 
flotation, a middling flotation section, and three- 
stage cleaning. The cleaner tailing and middlings 
were thickened prior to regrinding. 

Feed material was one source of early plant diffi- 
culties. The first ore treated was high grade and had 
been on surface dumps for 20 years, and its charac- 
teristics varied from shift to shift as different parts 
of the dump were treated. Problems arose in the 
plant itself. The reagent system was inefficient; op- 
erators were untrained; and last and most impor- 
tant, the flowsheet had not been piloted beyond the 
laboratory stage. 

Results gradually improved as experience was 
gained with the ore and obvious defects were recti- 
fied, but plant results were still not equal to those 
of the laboratory. It was impossible to depress the 
zine and simultaneously maintain reasonable cop- 
per and lead recovery. 

This was the situation when failure of the thick- 
ener handling cleaner tailings and middlings nec- 
essitated bypassing these products directly to the 
regrind classifier. The lead tailings improved im- 
mediately and it became obvious that prolonged 
contact in the thickener was detrimental to copper 
and lead flotation. 

On the assumption that it would pay to get the 
pulp into the cells as soon as possible and remove 
concentrate from the circuit as rapidly as possible, 
the following experimental changes were made in 
the grinding and flotation circuits: 1) The mid- 
dlings and cleaner tailings thickener was shut down 
and these products returned to the head of the 
roughers. 2) The middlings flotation was discon- 
tinued and all rougher concentrate send directly to 
the cleaners. 3) Cleaners were changed from three- 
stage to one-stage to reduce the circulating lead. 
4) Primary ball mill grinding was changed from 
two-stage to one-stage. 5) Two-stage ball milling 
and flotation was introduced, using the middling 
regrind mills as the secondary grinding units. In 
this system primary classifier overflow constituted 
the feed to the first stage of flotation and the re- 
grind classifier overflow went to the second stage. 

While these changes were taking place, a major 
discovery was made concerning the addition of col- 
lector. It was learned from the literature that pure 
sulphide minerals, ground excessively fine, will not 
float under the same conditions effective in floating 
sulphides in granular form. The remedy, adding 
collector to the mills, at once brought about im- 
provement. Repeated checking proved that xan- 
thate added to the grinding mills gave by far the 
best results. It is considered that this was the great- 
est factor in improving Tsumeb metallurgy. 


Present Sulphide Flotation Treatment 


By this time there was a steady tonnage of fresh 
underground sulphide ore which greatly improved 
general metallurgy. The previous changes, how- 
ever, had been of considerable benefit at the time 
they were made, and to get the minerals to the cells 
as rapidly as possible is was decided to go even fur- 
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Sulphide Flotation 
Flowsheet 


ther in coarsening the primary 
grind. The three main grinding 
circuits were each on separate 
and distinct types of ore, and as 
the underground sulphide ton- 
nage was steadily increasing, 
coarsening the grind offered in- 
creased sulphide section capac- 
ity. The following circuits were, 
therefore, successively tested: 

1) Three-stage grinding and 
three-stage flotation. 

2) Three-stage flotation and 
two-stage grinding with sec- 
ondary mill discharges in closed 
circuit with secondary flotation 
cells. 

3) Return to two-stage flota- 
tion and two-stage grinding, 
with secondary mills in closed 
circuit with the last half of the 
primary flotation cells. 


Conc 


Conc 


FINE ORE BINS (-5/6IN.) 
1700-TON CAPACITY 


RODMILLS { OFT 
OPEN CIRCUIT 


ROD MILL 5X7 FT OR BALL MILL 5X7 FT 
IN CLOSED, CIRCUIT 


BALL MILL 9 X 7 FT-CLOSED 
CIRCUIT WITH 8X30FT CLASSIFIER 


PRIMARY Cu-Pb FLOTATION 
2 BANKS EACH 8-36 IN. AGITAIRS 


SECONDARY Cu-Pb FLOTATION 
2 BANKS EACH 8- 36 IN. AGITAIRS 


TERTIARY Cu-Pb FLOTATION 
2 BANKS EACH 16-36 IN. AGITAIRS 


CLEANER Cu-Pb FLOTATION 
2 BANKS EACH 8-36IN. AGITAIRS 


Ge CIRCUIT #— SPLITTER 


TO FILTERS 


2-5 X10 FT SECONDARY BALL MILL 5X7 FT 


CLOSED CIRCUIT 6X30FT CLASS 


Tail 


4 


REGRIND BALL MILLS 


Tail 


REGRIND CLASSIFIERS 
10 X 30 FT 


O'Flow J U'Fiow 


THICKENER 


Zn CIRC. CONDITIONERS 
TANKS 


DISTRIBUTOR 
5X5 FT TANK 


4) Finally the present sul- 


Zn ROUGHERS {SCAVENGER ROUGHERS }SCAVENGER Zn ROUGHERS _|SCAVENGER 
phide circuit was established, 8-36IN.AGITAIRS! SECT 18-24 IN.AGITAIRS! SECT 18-24 IN. AGITAIRS! SECT 
three-stage flotation and three- ak 
stage grinding, with the third Rougher Conc 
stage mills in closed circuit with Sons se 
the secondary flotation cells. 8-24 IN. AGITAIRS 

With three-stage grinding the S, Tail 
primary classifier overflows 
were at 47 pct solids, producing 
an excellent concentrate grade 
on the primary flotation cells, BoreLer TO TAILINGS 


but with considerable buildup 
of lead in the circulating load 
of the finishing mills. Close-circuiting these mills 
with the secondary flotation cells sharply reduced 
this buildup. 

Two-stage flotation (item 3 above) was resumed 
for several months to discover whether or not stage 
grinding and flotation had been carried too far. Al- 
though results were good it was necessary to carry 
a much heavier tailing on the primary float than 
with the three-stage grinding and flotation. The in- 
ference was that with the coarse primary float the 
ore was not sufficiently ground for removal of cop- 
per and lead in one long bank of cells. 

Primary grinding capacity was increased by in- 
stalling a 9x7-ft ball mill but the circuit was then 
unbalanced by insufficient regrind capacity. A third 
mill was added to the regrind section, and three- 
stage grinding and flotation was resumed (item 4). 

At first xanthate was distributed through the 
mills, with slightly more added to the ball mills, on 
the assumption that sliming was occurring during 
fine grinding. With the three-stage circuit in oper- 
ation it was noted that shortages of xanthate due to 
increases in heads or tonnages resulted in a heavy 
tailing on the first and second flotation stages and 
increased tonnage of cleaner tailing. The lead in 
the tailings was not slimed, but the mineral grains 
were badly pitted, indicating surface contamination. 

When 90 pct of the xanthate was added to the 
primary rod mills, relatively coarse galena floated 
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rapidly in the roughers and continued to float in the 
cleaners, with marked reduction in circulating load 
and improvement in copper and lead recovery. Zinc 
rejection improved also, as xanthate addition was 
reduced in the second and third flotation stages, 
where selectivity is poor. Finally, operation was 
simplified because the principal change necessary to 
meet varying ore characteristics was simply to vary 
xanthate addition to the rod mills. 

It is now believed that a portion of the incoming 
feed, tarnished by surface oxidation, is sensitive to 
depressants unless fortified by early addition of 
xanthate and that xanthate so added prevents slime 
formation by aiding rapid flotation of coarse copper 
and lead mineral. This same situation apparently 
accounts for the difference between laboratory and 
plant results. Laboratory pulps receive some pol- 
ishing action, without being overground as in a cir- 
culating load. In the plant, however, the feed to the 
rod mills is 10 pet —200 mesh, assaying 3 to 3.5 pct 
Cu, 20 to 25 pct Pb, and 7 to 8 pct Zn. Unless forti- 
fied by xanthate in the rod mills tarnished particles 
reach the final mill section, where overgrinding be- 
comes a problem. Best support of this theory is that 
plant results now surpass laboratory work. 

Following plant trials of various addition points, 
depressants were introduced at the head of the flo- 
tation machines. After xanthate addition to the 
mills became standard, the depressant addition 
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Table 1. Reagents and Steel on Total Ore Milled, Lb Per Ton Table Il. Direct Costs in Shillings Per Ton for a Typical Month, 


April 1954* 
1948 1949 1950 1951 1952 1953 
to to to to to to 
Item 1949 1950 1951 1952 1954 1955 Item Power Supplies Labor Total 
Frother 0.11 0.12 0.08 0.27 0.20 0.20 Crushin 
: g 
Zinc sulphate 1.6275 "1:81 Screening 0.01 0.02 
Soda ash wi 981 419 632 5.92 220 219 Conveying 0.11 0.06 0.12 0.29 
Sulphidizer 0.90 1.50 2.50 1.49 2.95 Ball milling 0.60 0.46 0.08 1.14 
Sodium dichromate 1:85 Classifying 0.07 0.01 0.09 0.17 
Reagent 610 0.10 0.16 0.09 0.06 Pumping 0.20 0.09 0.12 0.41 
Rods 1.36 0.87 0.70 0.68 0.54 0.57 Total grindin 1:30 1.02 0.36 2.68 
*Balls 0.69 0.93 115 —0:99 1.03 0.98 Flotation 
Total steel 2.05 1.80 1.85 1.67 1.57 1.55 Reagents 0.03 4.75 0.18 4.96 
Flotation machines 0.39 0.01 0.46 0.86 
Thickening and conditioning 0.04 0.01 0.02 0.07 
* Proportion of balls and rods varies for different years because Pumping 0.24 0.06 0.13 0.43 
during certain periods mill loads were changed from balls to rods Total flotation 0.70 4.83 0.79 6.32 
and vice versa. Filtering 
Filters 0.01 0.01 0.10 0.12 
Thickeners 0.01 0.06 0.07 
Table V-VI. Reagent Consumption in Sulphide Circuit, Lb Per Ton, 
July 1954 Storage pumps 0.01 0.01 0.02 
Total filtering 0.14 0.11 0.19 0.44 
Tailings disposal 
1948 Thickening 
Reagent to 1949 1951 1952 1953-1954 Pumping 0.05 0.07 0.02 0.14 
Dam building 0.04 0.04 
Total tailings disposal 0.05 0.07 0.06 0.18 
Frother* 0.11 0.16 0.25 0.17 0.14 0.11 Test unit 0.02 0.18 0.16 0.36 
Collector** 0.98 0.42 0.33 0.24 0.24 0.26 Water supply 0.11 0.11 
Sodium cyanide 1.44 2.13 2.24 0.74 Total 2.62 6.30 1.95 10.87 
Calcium cyanide 1.83 
Zinc sulphate 2.84 2.50 2.57 2.48 2.51 1.78 
Soda ash 9.81 3.50 2.49 4.15 3.41 0.76 * 1 shilling = 14¢. 
Lime 3.11 1.93 3.79 3.85 2.46 2.25 
Sulphate 0.35 0.85 0.48 0.48 0.47 
ota 9.31 10.99 12. 13.94 4 
Table VIII. Metallurgy of Sulphide Ore, By Years 
* Frother consists of 3 parts cresylic acid to 1 part Powell 
frother, by volume. 1949 1950 1951 1952 1953 
** Collector consists of 50 pct sodium ethyl xanthate and 50 pct to to to to to 
sodium isopropyl xanthate, by weight. Item 1950 1951 1952 1953 1954 
Table VII. Densities and pH in Sulphide Circuit, July 1954 Heads Tons 253,078 214,365 240,470 339,215 452,535 
Cu, pet 3.81 3.58 3.97 3.23 2.82 
Pb, pet 12.92 11.35 13.80 13.71 13.78 
ed Sp Gr pH Zn, pet 7.86 6.16 7.12 5.90 6.36 
Cu-Pbcon- Tons 63,041 46,275 63,624 83,727 111,038 
centrate Cu, pet 13-31 14.86 13.99 12.20 10.80 
Dry ore 3.8 Pb, pet 46.52 49.12 49.26 53.37 54.37 
Rod mill discharges 2.24 Zn, pet 9.85 6.00 7.07 6.10 6.83 
Primary ball mill discharges 2.24 Zii concen- Tons 19,283 15,530 19,888 22,421 32,872 
Secondary ball mill discharges 2.20 trates Cu, pet L6T 1.94 1.15 LAG 0.74 
Tertiary ball mill discharges 1.80 Pb, pet 3.35 2.55 2.42 2.01 1.89 
No. 11, class overflow 1.60 8.7 Zn, pet 55.34 56.74 56.70 58.86 57.94 
153 8.7 Final tails Tons 170,752 152,558 156,956 233,065 308,623 
1.60 8.7 Cu, pet 0,21 0.17 
137 Pb, pet 1:60 10.79" | 0.58. 6.45 
No. 22, No. 24, class overflows 1.26 8.9 Zn, pet 1.76 1.06 0.86 0.73 0.70 
Primary Cu-Pb float tail 1.53 9.1 Cu-Pb con- Cu 87.07 89.48 93.37 93.10 94.04 
Secondary Cu-Pb float tail 1.55 9.0 centrate, Pb 89.69 93.39 94.46 96.10 96.79 
Tertiary Cu-Pb float tail 1.25 9.0 pet re- Zn 31.21 21.03 26.29 25.53 26.35 
Cu-Pb cleaner tail 1.10 9.0 covery 
No. 42, Zn heads thickener underflow 1.60 Znconcen- Cu 3.34 3.93 2.39 2.39 1.89 
Zinc rougher tails 1.32 10.1 trate, pct Pb 1.97 1.62 1.45 0.97 1.00 
Zinc cleaner tails 1.07 10.6 recovery Zn 53.64 66.73 65.86 65.99 66.16 
Zinc recleaner tail 1.07 11.7 
Cu-Pb concentrate thickener underflow a 
2 


8.7 SEE Graphical Presentation on pages 380-381. Table !V 
is on page 378. 


Table Ill. Metallurgy of Total Ore Milled (By Years) 


Item 1948 to 1949 1949 to 1950 1950 to 1951 1951 to 1952 1952 to 1954 1953 to 1954 
257,596 317,095 391,669 395,010 468,482 564,195 
ita anual 4.41 4.11 3.96 4.16 3.34 2.99 
Pb, pct 17.39 12.07 10.39 12.13 12.14 12.10 
Zn, pct 13.30 7.47 6.63 -49 
Cu-Pb concentrate Tons 79,648 76,714 85,431 102,424 111,007 127,758 
Cu, pet 11.28 13.66 14.43 13.82 12.32 ; 
Pb, pet 46.07 43.77 42.16 43.02 48.55 50.88 
Zn, pet 13.75 9.89 8.78 8.62 6.71 6.88 
Zn concentrate Tons 32,978 21,464 25,727 27,678 26,708 34,979 
Cu, pet 3.21 2.59 4.40 3.18 2.16 1.13 
Pb, pet 5.83 3.93 5.06 4.14 2.81 2.47 
Zn, pet 50.49 53.96 by 53.32 57.08 57.16 
Final tails : Tons 144,969 218,916 280,510 264,906 330,766 401,456 
Cu; pet 0.91 0.91 0.73 0.53 0.42 0.49 
Pb, pct 4.26 1.76 1.20 1.02 0.67 0.59 
Zn, pet 4.60 1.79 121 0.92 
Bogie a 31.95 32.04 28.90 32.95 28.93 27.43 
Zn concentrate, Cu 9.31 4.27 7.31 5.36 
pet recovery Pb 4.29 2.20 3.20 2.39 ane 
Zn 48.59 48.89 51.76 55.10 59.23 
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point was moved back to the pump box and later to 
the primary classifier, with improvement in each 
ease. Apparently some conditioning time is neces- 
sary for reactions to reach equilibrium, and chang- 
ing the point of addition of depressants improved 
copper recovery and zinc rejection. 

Zine flotation at Tsumeb is not difficult, provided 
the copper lead flotation circuit is working satis- 
factorily. Original test work indicated that 5 lb per 
ton of sodium silicate were required, but in actual 
operation it was found that lime could be used to 
depress pyrite and also lead escaping from the cop- 
per-lead circuit. The main improvement in the zinc 
circuit has been the return of cleaner tailings and 
middlings to the last of five conditioners in series. 
This conditioner combines the initial feed and the 
circulating load and acts as a distributor to the 
three banks of flotation cells. All copper sulphate, 
lime, and xanthate required in the rougher float is 
added to the first of the five conditioners and acts 
primarily on the initial feed. 

Adding frother to the pump handling the circu- 
lating load has simplified the operation. Lime is 
added to the cleaner and recleaner cells, which are 
operated under close pH control. Small xanthate 
additions are also made to these cells to control the 
circulating load. In contrast to the lead circuit the 
zine roughers and cleaners are deliberately crowded 
to maintain grade of concentrate. 


Development of Oxide Flotation 

The dump ores on which the Tsumeb concen- 
trator was started contained an appreciable amount 
of oxide copper, lead, and zinc minerals. An early 
attempt at differential flotation failed, because of 
the high zine and iron content of the zinc tailing. 

The next attempt was made when the dump ore 
and mine sulphide ores were treated in separate 
circuits. Although the dump ore did not respond 
well to a differential float it gave excellent sulphide 
recovery on a straight bulk float. After many 
months of laboratory work a commercial method of 
separating the bulk concentrate into a lead concen- 
trate and zine concentrate was developed, see flow- 


sheet opposite page. The effectiveness of this method, 
termed the 610-dichromate process, depends on the 
blanket depressing action of reagent 610. Highly 
activated sphalerite, such as occurs in dump ores, is 
least influenced by this reagent, and with proper 
control a differential is established so that the zinc 
can be floated away from the copper and lead. 

It is of interest to note that this separation was 
only effective on highly oxidized ores or concen- 
trates that had been exposed to weathering, as sur- 
face oxidation renders copper and lead sulphides 
less active and zinc sulphide more active. Some 
ores treated in this circuit actually required copper 
sulphate for activiation of the zinc to maintain the 
necessary selectivity in the separation circuit. 

Bulk float tailings respond reasonably well to a 
standard sulphidizing float. A period of plant test- 
ing is necessary to establish the best reagent combi- 
nation for each quantity of ore used in the oxide 
circuit, as dumps vary widely in grade, slime con- 
tent, and reagent requirements. 

Certain changes in the flowsheet greatly facili- 
tated the operation of the oxide circuit. Most 
important was the elimination of the thickener 
originally incorporated to smooth out the feed. 
Actually this thickener had the reverse effect, be- 
cause of the high slime content of the dump ores 
and the changing settling rate of this slime. When 
the thickener let go its slime load froth on flotation 
cells was uncontrollable, and manipulation of rea- 
gents had little effect until the surge had passed. 

The kind of water used in the grinding and bulk 
flotation circuits had a marked influence on the re- 
sults of the dump ore circuit. Originally mill water 
was used, a combination of lead return water and 
fresh mine water. The proportions of these con- 
stituents changed over wide limits. It was noticed 
that when the proportion of return lead water 
(carrying cyanide and zinc sulphate) increased, the 
oxide tailings assays also increased, necessitating an 
increase in the amount of collector. Use of all fresh 
water on the grinding circuit, bulk float circuit, and 
oxide circuit removed this operating variable. 


Table IV. Comparative Grinding Data on Sulphide Ores 


Composite Sample, 


July 1954 +%% In. + 3% In. +10 +65 +100 +200 +325 —325 
Rod mill feed 0.3 3.6 25.7 60.4 66.2 VS 82.6 17.4 
Rod mill discharge 20.0 64.0 69.4 76.4 81.4 18.6 
Primary float feed 15.0 24.0 39.4 49.8 50.2 
Secondary float feed 8.8 22.4 47.4 63.4 36.6 
Tertiary float feed 0.2 2.6 18.6 33.6 66.4 
Zine rougher tails 0.6 6.6 25.6 40.6 59.4 
Cu-Pb concentrate 0.2 1.2 6.2 22.2 77.8 
Zinc concentrate 12.4 35.0 65.0 
May 1949* +200 Cone 1 Cone 2 Cone 3 Cone 4 Cone 5 Cone 6 Cone 7 
Primary float heads 29.4 10.5 8.1 9.2 8.9 8.1 6.8 19.0 
Cu-Pb rougher tail 10.8 8.9 9.9 UT 11.6 10.8 9.7 25.6 
Zinc rougher tail 13.3 8.4 9.4 OAS} 11.2 10.7 9.9 24.8 
Cu-Pb concentrate 4.8 21.9 6.7 De 12.1 9.8 7.9 21.6 
Zinc concentrate 6.0 19.2 11.5 13.8 9.5 T.4 5.9 26.7 
August 1950** 
Primary float heads 38.6 6.9 6.6 8.5 7.4 6.8 5.8 19.4 
Cu-Pb rougher tail 19.3 5.2 9.0 11.4 9.6 9.1 7.8 28.6 
Zine rougher tail 20.0 6.0 9.1 11.6 10.0 9.6 8.0 25:7 
Cu-Pb concentrate 93:2 16.4 15.7 10.2 6.0 
Zine concentrate 10.6 18.8 12.6 15.3 10.9 8.2 6.0 17.6 
July 1954*+ 
Primary float heads 37.5 21.5 9.0 11.5 10.5 4.5 2.0 3.5 
Cu-Pb rougher tail 20.0 10.6 11.0 1b 12.4 12.0 10.0 12.5 
Zine rougher tail 19.8 12.0 7.0 13.0 14.0 13.0 10.0 11.2 
Cu-Pb concentrate 6.3 26.5 10.0 14.0 123, 11.0 12.2 a 
Zinc concentrate 9.2 20.4 10.1 14.1 ipa 9.5 Yiaed 18.4 


* Flowsheet consisted of a primary float and a secondary float. The middlings from the primary float plus the concentrate from the 


secondary float were returned to the primary float heads. 


** Flowsheet consisted of a primary float and a secondary float. All rougher concentrates went to the cleaner. The circulating load is 
greatly decreased in this flowsheet. It will be noted that in the Cu-Pb concentrate less material reports in the very fine sizes. 
+ These sizings are from current practice; the analyses were made from the composite samples of July 1954. 
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High Oxide Flowsheet and Data 


FINE ORE BINS 
1250-TON CAP 


ROD MILL 5 X10 FT 
OPEN CIRCUIT 


BALL MILLS 5 X7 FT 
CLOSED CIRCUIT 


BULK ROUGHER FLOTATION 
6-48 IN. AGITAIRS 


Tail 
> 


BULK CLEANER FLOTATION 
6-24 IN. AGITAIRS 
4 
Tail 
CONDITIONER 
5X5FT TANK 


DICHROMATE 610 ROUGHERS 
6-24 IN. AGITAIRS 


& Tail (Cu-Pb Conc) J 
> 


DICHROMATE 610 CLEANERS 
2-24 IN. AGITAIRS 


Tail 4 


DICHROMATE 610 RECLEANER 
1-24 IN.AGITAIR 


Tail 
Cu-Pb Conc 


Cu-Pb CONC FILTER 


OXIDE RECLEANER FLOTATION 
2-36 IN.AGITAIRS 


Tail 
OXIDE CLEANER FLOTATION 
4-36 IN. AGITAIRS 
Tail 
OXIDE ROUGHER FLOTATION 
24-36 IN. AGITAIRS 


TO Zn CONC FILTER 


CONDITIONER __y 
5 X5 IN. TANK 


3 REAGENT ADD. 
POINTS 


TO TAILINGS DAM 


Development of the Germanium Flotation Circuit 


Although the presence of germanium in Tsumeb 
ores has been known for some time, it was not until 
1952 that its recovery was studied. The present 
concentrator process, p. 380, stemmed from labora- 
tory and pilot plant work on the separation of cop- 
per and lead by SO, and starch and an alternative 
method using Cyanamid reagent 675. By either of 
these methods the copper concentrate produced 
carried approximately 0.08 pct Ge, with the differ- 
ence that the concentrate produced by the SO, and 
starch process was a floated product and that from 
the reagent 675 process a depressed product. Fur- 
ther laboratory work demonstrated that with some 
modification of pH and starch additions the ger- 
manium in the copper-lead concentrate definitely 
could be upgraded. By March 1953 laboratory 
work warranted a pilot plant of 60 to 80 tpd. 

After a final test run germanium flotation was 
put on a production basis in February 1954. Results 
have steadily improved as operators have become 
more familiar with froth characteristics and further 
improvements in the plant have made possible 
closer regulation of feed tonnage and reagents. 

The germanium occurs in Tsumeb ores in two 
distinct minerals, germanite and renierite, which 
have different associations and flotation character- 
istics. Germanite is the most abundant mineral, but 
a larger percentage occurs as a middling than in the 
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Table IX. Reagent Consumption, Lb Per Ton, for High Oxide Ores 
(Dump Ores), July 1954 


Reagent 1950 1951 1952 1953 1954 
Frother 0.17 0.15 0.55 0.21 0.06 
Z4 + 343 0.15 0.25 0.12 0.21 0.46 
Z6 1.40 0.70 1.23 2.04 0.53 
404 0.55 0.36 0.66 0.48 0.31 
Soda ash 6,23 6.89 6.29 
Sulphidizer 4.15 6.02 4.26 12.44 11.55 
Sodium silicate 11,23; 3.41 3.01 4.30 0.83 
Sodium dichremate 3.80 1.38 3.05 3.61 
Reagent 610 0.24 0.42 0.24 0.17 

Total 27.92 19.58 13.12 23.46 20.03 


Table X. Reagent Additions to High Oxide Mine Ores 


Buik Float Place of Addition Lb Per Ton 
Frother Classifier overflow 0.06 
Reagent 325-343 Rod mill 0.18 

Ball mills 0.10 
Bulk float heads 0.18 
Soda ash Rod mill 6.29 
Dichromate-610* 
Sodium dichromate Conditioner 3.45 
Cleaner 0.08 
Recleaner 0.08 
Reagent 610 Conditioner 0.12 
Cleaner 0.03 
Recleaner 
Oxide Float 
6 Conditioner 0.26 
Cells 0.27 
Cleaners As neede 
Reagent 404 Conditioner 0.14 
Cells 0.17 
det Cleaners As needed 
Sulphidizer Conditioner 9.10 
Cells 2.45 
Cleaners As needed 
Sodium silicate Conditioner 0.83 


Behe dichromate-610 circuit is not operating currently but 
will be put into operation again when the amount of zinc in the 
heads warrants its use. 

Reagent additions for this circuit are listed as of July 1953. 


Table XI. Densities and pH in Dump Ore Circuits, July 1954 


Item Sp Gr pH 
Dry ore 
Rod mill discharge 1.95 
Ball mill discharge 2.06 
Classifier overflow 1.20 9.0 
Bulk rougher tail 1.16 9.0 
Bulk cleaner tail 1.02 8.5 
Dichromate rougher tail 1.09 7.6 
Dichromate cleaner tail 1.14 
Oxide rougher tail 1.15 10.1 
Oxide cleaner tail 1.22 


Table Xil. Metallurgy of High Oxide Ores 


1949 1950 1951 1952 1953 
to t t 


to to 
Item 1950 1951 1952 1953 1954 
Heads Tons 64,017 177,304 154,540 129,267 111,660 
Cu, pet 5.28 4.41 4.47 3.61 3.67 
Pb, pct 8.71 9.22 9.53 8.03 5.26 
Zn, pet 5.92 7.19 6.25 4.44 2.94 
Cu-Pbcon- Tons 13,673. 39,155 38,799 27,279 16,720 
centrate Cu, pet 15.28 13.91 13°53 12.69 15.01 
Pb, pet 31.07 33.93 32.78 33.78 27.65 
Zn, pet 10.08 12.06 LS 8.58 7.24 
Zn con- Tons 2181 10,196 7789 4286 2106 
centrate Cu, pet 10.73 8.15 8.38 7.36 7.36 
Pb, pct 9.08 8.90 8.53 7.02 11.47 
Zn, pet 41.68 43.30 44.68 47.79 44.96 
Final tails Tons 48,164 127,951 107,950 97,700 92,833 
Cu, pet 2.20 1.20 h 0.90 1.54 
Pb, pet Zan 1.68 1.24 0.89 1.08 
Zn, pet 3.12 2.66 1.72 1.38 1.21 
Cu-Pbcon- Cu 61.79 69.75 76.09 74.30 61.24 
centrate, Pb 76.16 81.30 86.37 88.74 78.78 
pet re- Zn 36.35 37.05 44.76 40.76 36.93 
covery 
Zn concen- Cu 6.92 10.63 9.46 6.76 3.78 
trate, pct Pb 3.55 5.b5 4.52 2.90 4.12 
recovery Zn 23.98 36.25 36.02 35.68 28.89 
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Germanium Flotation Data 


Table XIII. Data on Germanium Float, July 1954 


Reagent 
Additions* Lb Per Ton 
H2SOz No. 1, No. 1 SOz condtioner 4.0 

No. 3, No. 2 SOz conditioner 0.5 
Starch No. 1, No. 1 SOz conditioner 1.46 
Lime No. 6, lime conditioner 10.0 
Pine oil No. 4, rougher heads As needed 
Item Sp Gr pH 
Dry ore 5.0 
No. 2, 1st conditioner tail 1.32 5.8 
2nd conditioner tail 1.32 5.2 
Rougher tail 1.32 6.1 
Cleaner tail 1.11 10.0 


Item Tons Assays Total Metal, Pct 

Cu Pb Ge 
Heads 212 11.83 56.60 0.053 100.00 100.00 100.00 
Concentrate 85 26.54 23.30 0.385 9.07 1.59 28.12 
Tail 127 10.72 57.94 0.039 90.93 98.41 71.88 


* Refer to flowsheet at right. 


case of renierite. Renierite is magnetic, and this 
property is used in judging the grade of concen- 
trate. A sample is placed on a glass slide over a 
magnet; as the magnet is shifted beneath the slide 
the movement of particles is observed through a 
microscope. Unfortunately this test can be very 
misleading when the germanium content is largely 
in the form of germanite. 

Current flotation practice is to condition the cop- 
per-lead concentrate for 10 min with starch and 
SO, solution to a pH of 5.2 on the conditioner over- 
flow. The rougher float follows immediately, most 
of the concentrate being removed from the first 
three cells. Experience has shown that this float 
cannot be unduly prolonged or copper and lead 
minerals, barren of germanium, dilute the concen- 
trate. The rougher concentrate is then conditioned 
with lime for 10 min and cleaned in open circuit at 
pH 10 to 10.5. 

A number of factors in germanium flotation are 
still unknown. It is not yet clear why a lime circuit 
gives better results in the cleaning operation than 
SO, and starch. The benefits of regrinding the 
cleaner tailing, or of pregrinding the copper-lead 
concentrate ahead of the germanium circuit, have 
not been fully evaluated. To date, emphasis has 
been on an acceptable grade of concentrate, but 
market considerations and the cost of subsequent 
chemical treatment will, no doubt, dictate how 
much grade can be sacrificed for recovery. 


CONDITIONERS 
2-36 IN. AGITAIRS 


CONDITIONERS 
4-24 IN.AGITAIRS 


GERMANIUM ROUGHERS 
6-24 IN.AGITAIRS 
(@) 5 
Tail RETURN TO Cu-Pb 
vo CONC THICKENER 


CONDITIONERS 
2-24 IN. AGITAIRS 
GERMANIUM CLEANERS 
4-24 IN. AGITAIRS 
Tail 


<a) 

THICKENER(30FT) 

SULPHUR BURNER 


SO2 COOLER 


SOz2 ABSORPTION 


H2SO3 
STORAGE TANK 


Plant Operation and Equipment 

Rod Milling: Rod mills were incorporated in the 
original flowsheet on the assumption that it would 
be cheaper to use rod mills than fine crushing 
equipment. The rod mills were designed, therefore, 
to reduce 300 tpd of —34-in. feed to —10 mesh using 
5x10-ft mills. Ball mill capacity soon proved far 
greater than that of the rod mills. As the rod mill 
discharge had to be pumped, every attempt to in- 
crease throughput in these mills with the %4-in. 
feed ended in failure because of plugged pump 
lines. When tonnage was crowded the harder por- 
tions of the feed passed through the mill practically 
untouched. This condition was aggravated by the 
occurrence in parts of the Tsumeb orebody of a 
dense tough dolomite. It is now believed that larger 
diameter mills, shortened for the motors available, 
would have performed much more satisfactorily. 

To meet increased tonnage requirements, finer 
crushing was then the obvious solution. A second 
Symons cone crusher was installed in series with 
the first. As tonnage increased crushing became 
finer until the limit of the 4%4-ft Standard cone 
crusher was reached. To meet further increases in 
tonnage, a Short Head crusher was purchased to re- 
place the second 414-ft Standard. 

The first set of rod mill liners were wave-type 
manganese steel and lasted five months. The second 
set in the same mill had been in service six months 
when it was noticed that severe slippage of the rod 


Mill Cost Data for Tsumeb Operation: 


$ $ 
1.68 4.48 — 
1.54 4.20 
1.40 3.92 
1.26 3.64 
1.12 3.36 
0.98 3.08 
0.84 2.80 
0.70 
0.56 2.24 
0.42 1.96 
8 2 ¢ 
Sooo lwo 3 


Reagent Cost per Ton 


° 


® 


Total Cost per Ton 


All figures are in U. S. dollars, for total ore treated. 


$ 

3.64- 
3.36 
3.08 
2.80 
2.52 
2.24 
1.96 
1.68 
1.40 
1.12 


50-51 
52 
52-53 
53-54 
1948 
48-49 
49-50 
52 
Sen 
53-54 


Direct Cost per Ton 
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Cu Recovery 


METALLURGY 
Cu in Heads OF LOW OXIDE 
5.0 SECTION 
45 
4.0 
3.5 
3.0 
2.5 
Pb Recovery 
Pb Sulphide Recovery 
Pb in Heads 


Zn Recovery in Zn Concentrate 
% 
68 
66 
64 
62 
60 
Zn in Heads Zn Recovery in Cu-Pb Concentrate Be 
54 
33 52 
31 50 
29 48 
27 46 
25 44 
23 42 
40 
19 38 
17 36 
15 34 
13 32 
1 30 
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% 
95 
93 
91 
89 
87 
87 98 
Yo 85 97 
20 83 96 
49 95 
18 79 94 ; 
17 7 
16 75 92 
15 73 91 
14 71 90 
13 69 89 
12 67 88 
11 5 < 87 
% 
17 
16 
15 
14 
13 
12 
10 
9 
8 
7 
6 
5 


load was causing abrasion and consequently poor 
liner lift. Every other row of worn liners was re- 
moved, therefore, and new liners installed in their 
place to act as lifter bars, forming a step of approx- 
imately 1 to 1% in. It is now standard practice to 
install new liners in every other row during relin- 
ing and to maintain the lifter effect by the use of 
wood backing. Current liner life is approximately 
20 months of operating time for the wrapper liners 
and 25 months for the end liners. This solution 
probably would not have worked with a large di- 
ameter mill because of the shearing action of a 
heavy load on the liner bolts, but with the 5 ft diam 
mills, this effect has been negligible. 

Reagent Feeding: With the number of circuits in 
this plant and the quantities fed, mixing, handling, 
and control of reagents is important. When the plant 
was started, multiple banks of small individual 
feeders were installed. The operator’s time was 
largely taken up checking reagents with a watch 
and graduate and investigating small motor failures. 
Thus prompt detection of empty reagent receptacles 
and sticking floats was difficult, and consequently a 
steady operation impossible. This was rectified by 
installing a multiple disk feeder which handles all 
key reagents for the entire mill. Soluble reagents 
are air-lifted to this feeder from outside storage and 
mixing tanks. Reagent mixing is generally done on 
day shift under the supervision of one European and 
a gang of natives. 

The present lime feeding system, which works 
well, is to mix the slaked lime to a strength of 10 pct 
in an outside storage tank and to elevate this mix- 
ture by diaphragm pump to a central distributor in 
the mill. The distributor is a rectangular steel box 
with spigots leading to individual weir compart- 
ments where the quantity is controlled by weir bars. 
Each compartment has an overflow, and circulation 
is maintained so that each compartment constantly 
overflows to the suction of the diaphragm pump. To 
change the amount of lime solution, it is only neces- 
sary to add or remove a weir bar on the station in 
question. 


Handling Thickener Underflows: All thickeners 
were originally equipped with diaphragm pumps. 
The pump on the lead concentrate thickener did not 
perform satisfactorily and was abandoned in favor 
of a spigot and an open pump box. Careful atten- 
tion was needed to guard against overflowing pump 
boxes and to maintain a steady flow. To improve on 
this a 3-in. SRL pump was connected directly to the 
thickener and the pump speed set for maximum ca- 
pacity with final control by rubber pinch valves and 
bushings on the discharge line. This gave a steady 
uniform flow that could be maintained by adjust- 
ment of the discharge valve, without affecting the 
pump. Power requirements were reduced by using 
the thickener head to advantage, and spills due to 
power failures or surges from the thickener were 
eliminated. 

Since then all thickeners have been equipped with 
SRL pumps to handle the underflows. To safeguard 
the pumps, totally enclosed screen boxes have been 
incorporated in the suction lines and simple sight 
glasses installed on the gland waterlines adjacent to 
the pumps. 

Plant Control 

Assays: Each circuit is grab sampled four times a 
shift and determinations are available 1% hr later. 
These assays are for guidance of the operators only, 
metallurgical accounting being on the basis of auto- 
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matic samples cut every 15 to 20 min. ; 

pH Control: Most of the circuits are run on close 
pH control and three Beckman table model machines 
are in continuous use by the operators. For a per- 
manent daily record a six point Brown Electronik 
Strip Chart Recorder is connected to important 
points in the circuits. 

Ultraviolet Light: The sphalerite occurring in 
Tsumeb ores becomes fluorescent under ultraviolet 
light. This has been a valuable aid in maintaining a 
low zinc tailing in the zinc circuit and a low zinc 
grade in the copper-lead concentrate. 

Pilot Tables: Pilot tables are in general use for 
visual guidance. With experience, operators can es- 
timate their products accurately and can catch any 
changes in the circuits long before the assays be- 
come available. 


Future Developments in the Tsumeb Concentrator 


No radical changes in the metallurgical processes 
are planned at this time, but attempts will be made 
to reduce working costs. Important changes will be 
made in pumping in primary sulphide grinding, in 
the bedding plant, and in crushing. 

Pumping: The original installation called for 
pumping of the rod mill discharges. This has been 
a bad operating feature because of pump failures 
and is an unnecessary expense. All rod mills are to 
be elevated to provide gravity discharge to the pri- 
mary classifiers. 

Primary Sulphide Grinding: Ore development 
underground indicates that sulphide tonnage will be 
held at 40,000 to 45,000 tons per month. As shown 
in the flowsheet, six mills are currently used for this 
work, with no reserve capacity. A 9x7-ft ball mill 
on the property is to be lengthened into a 9x10-ft 
rod mill and installed in place of the 5x10-ft rod 
mill. It is expected that the 9x10-ft rod mill and the 
9x7-ft ball mill will have ample capacity for pri- 
mary sulphide grinding and that appreciable sav- 
ings can be made in operating two mills instead of 
six. This will leave two complete three-mill units 
available for oxide or sulphide ores. 

The Bedding Plant: It has been long recognized 
that large fluctuations in ore grade are detrimental 
to the operation. To reduce this a bedding plant has 
been incorporated in the DeWet shaft crushing sys- 
tem. It will be 160 ft long and have a capacity of 
5000 tons with loading by a traveling chute and ore 
removal by a vibrating feeder running on rails 
below. 

Crushing: A 414-ft Symons cone crusher is to be 
installed at the DeWet shaft. Savings are expected 
in maintenance, and in operating life of crusher 
parts, through decreased reduction ratio. A safety 
factor will also be provided with three cone crushers 
in series, as any-one can be temporarily bypassed. 
Crusher linings will then be run to maximum life 
without concern for a mid-shift shutdown. The 
saving in conveyor belt wear in handling a 2-in. 
product against a 4-in. product on a 785-ft conveyor 
should also be significant. 
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A Report on — 


European Fluorspar Supplies 


The total crude fluorspar reserves in Western Europe, including the USSR and the Soviet 
sphere, are estimated to exceed 17 million metric tons. The total fluorspar production in 
1951 in Western Europe, excluding the USSR and Soviet sphere, amounted to 371,109 met- 
ric tons. The chief fluorspar-producing countries in Europe, excluding Russia and the Soviet 
sphere, are France, Western Germany, Italy, Spain, and the United Kingdom. 


by H. R. Hose 


crude fluorspar reserves in western Eu- 
rope, containing more than 35 pct CaF., are 
estimated at 12 million metric tons, while reserves 
in the USSR and Soviet sphere may exceed 5 million 
metric tons. The bulk of these reserves are concen- 
trated in the USSR, Spain, United Kingdom, West- 
ern Germany, and Italy. Since published estimates 
of the tonnages of individual mines and explored 
deposits are not available for most countries in 
Europe, the estimates given in Table I for individual 
countries are necessarily approximate, as they have 
been compiled from various sources and modified 
and combined according to the author’s judgment. 
The majority of fluorspar deposits in Europe be- 
long to the late Paleozoic metallogenetic epochs and 
have been found within or along the borders of the 
Hercynian massifs. Deposits in the Central and 
Esterel massifs of France, those of Western and 
Eastern Germany, Sardinia, the Catalonian coastal 
range and the Sierra de los Santos in Spain, and 
those of Devonshire and Cornwall belong to the 
Hercynian metallogenetic epochs. The deposits in 
southern Norway and Sweden belong to the middle 
Paleozoic or later, those of northern England to the 
late Paleozoic or later, those of northern Spain and 
Greece to the late Mesozoic, and those of northern 
and probably central Italy and Switzerland to the 
early Tertiary. Fluorspar occurs typically in veins, 
lenses, and stringers, but also in bedded replacement 
deposits and pockets, and may be colorless to white, 
yellow, green, pink, brown, blue, or purple to almost 
black. Except for the colorless variety, the only 
kind which can be used for the optical industry, the 
color of the fluorspar does not affect its ultimate use. 
Crystalline cubic or octahedral fluorite of CaF, 
composition, with 48.9 pct fluorine and 51.1 pct cal- 
cium, has a specific gravity of 3.18. The ore in place, 
however, usually averages 3.0 metric tons per cubic 
meter owing to the quantity of other minerals asso- 
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ciated with the fluorspar in the veins and the physi- 
cal state of the fluofspar, which may vary from 
sugary to massive crystalline or microscopic inter- 
growths with barite or quartz. Barite of 4.5 sp gr, 
quartz of 2.66 sp gr, and chert and calcite are com- 
monly associated with fluorspar. Other minerals 
usually present in lesser amounts. are celestite, wad, 
silver, lead, zinc, copper, iron, and uranium min- 
erals. In some cavity fillings the rhythmic deposition 
of the fluorspar, barite, and quartz into successive 
crusts may make it possible to handpick the crude 
ore on belts or to separate the fluorspar from other 
minerals while the actual mining is carried on. 
Where metallurgical grade lump spar is required for 
foundries, separation of quartz and barite may be 


Table |. Fluorspar Reserves in Europe Estimated to the Nearest 
500,000 Metric Tons of Ore Containing More Than 35 Pct CaF2 


Metric Tons 


France 1 million* 
Eastern Germany 1 million** 
Western Germany 2 million; 
Greece Under 500,000 
Italy 2 milliont 
Norway Under 500,000 
Spain 3 million$ 
Sweden 500,000¢ 


Switzerland Under 500,000 

United Kingdom 3 millions$§ 

USSR 4 million$$§ 
Total 17 million 


* Figures according to Ref. 4. Recent exploration indicates that 
there are probably more than 1 million metric tons. 
** A 1945 estimate based on capacity before World War II.8 
+ Based on information from government of Western Germany 
sources and from mine operators. 
¢ Based on information supplied by mine operators. 
§ Based on information supplied by mine operators and on data 
from Marin and de Lis.18 
§§§ Based on reserves of 1,436,750 tons in terms of 100 pct CaF»2.17 


made also by jigs and heavy media, and in some 
mines the lead and zine sulphides may be separated 
and recovered by vibrating tables. However, except 
in the case of unusually high grade deposits, acid 
grade fluorspar is obtained by flotation. By this 
process fluorspar deposits grading down to 35 pct 
CaF, in the crude ore can be worked at a profit when 
fluorspar, lead, zinc, and silver prices are high, as the 
sulphides of these ores can be separated from the 
fluorspar by flotation and concentrated. 
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Fluorspar Deposits 


. Saint-Jean-de-Jeanne, Alban (Tarn) 
. Les Adrets de Frejus (Var) 


EASTERN GERMANY 

7, Wiedersberg, Schoénbrunn (Saxony) 

8. Oehrenstock, Iimenau, Steinbach, Schorte, 
Atterode, Auwallenburg, Herges-Vogtei 


(Thuringia) 
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Location of Principal Fluorspar Deposits in Western Europe. 


The chief consumer is the steel industry, which 
uses fluorspar to make the slag more fluid. Con- 
sumption varies from 5 to 8 lb CaF, per ton of steel 
made and gravel spar free from dust is preferred 
to the cake product derived from froth flotation. 
Apart from the CaF, and SiO, content, specifications 
usually call for less than 1 pct barite and less than 
0.3 pet sulphur, although the former is usually con- 
sidered to act only as a diluent. Metallurgical grade 
fluorspar is also used as a flux in smelting other 
metals and in foundries. Prior to World War II the 
metallurgical grade fluorspar standard was fixed at 
a minimum of 85 pet CaF, and a maximum of 5 pct 
SiO.. However, during the war standards down to 
55 pet effective units of CaF, were accepted. The 
value of metallurgical grade fluorspar is assessed in 
effective units, the effective units of CaF, being ar- 
rived at by reducing the CaF, percentage by 2.5 
times the SiO, percentage. The silica is used as the 
determining factor, as in the steel furnaces the silica 
combines with fluorspar and renders it useless. The 
standard 85 pet CaF, and 5 pct SiO, metallurgical 
grade fluorspar thus has 72.5 pct of effective units. 

Fluorspar consumed for the production of hydro- 
fluoriec acid enters a considerable number of deriva- 
tives used in different industries. Thus aluminum 
fluoride and artificial cryolite are used in smelting 
aluminum, and other derivatives are used for refrig- 
erants, catalysts in the oil industry, nuclear fission, 
plastics, and insecticides. Acid grade fluorspar spec- 
ifications are fixed at a minimum of 97 pct CaF, and 
a maximum of 1.5 pct SiO, on a dry basis. Barite, 
zine, and lead are objectionable; sulphur is usually 
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limited to a maximum of 0.03 pet and CaCO, to 1.25 
pet. Since acid grade fluorspar is commonly produced 
by froth flotation, it is therefore 200 mesh or finer. 
Fluorspar termed ceramic grade, for use in glass and 
enamel manufacture, must contain a minimum of 95 
to 96 pct CaF., a maximum of 2.5 to 3.0 pct SiO., and 
a maximum of 0.12 pct Fe,O; and 1.0 pet CaCQs. 
Metallic impurities and barite are objectionable. 

Before World War II (1939 to 1945) Germany, 
France, the USSR and the United Kingdom were the 
chief producers in Europe; since the war Spain and 
Italy also have become important producers. Details 
of European fluorspar production from 1931 to 1951 
are given in Table II. 

Prior to World War II, exports of fluorspar from 
the primary producers were less than 20 pct of the 
fluorspar produced in each country and the only 
significant exporting country was Germany. A 
world shortage after the war, growing demands for 
additional supplies (chiefly from the U.S.), and the 
opportunity of earning hard currency incited greater 
production from old mines and the opening up of 
many new mines in Europe, particularly in Spain 
and Italy. Thus although exports from France and 
the United Kingdom have remained fairly constant 
as production increased, Western Germany, Italy, 
and Spain by 1951 had increased their exports to 
more than 50 pct of their production. The bulk of 
the exports were sold to the U.S. Exports of flu- 
orspar from countries in Europe since the war are 
given in Table III. 

In 1951 the price of metallurgical grade fluorspar 
landed at Atlantic seaboard in the U. S. ranged from 
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Table Il. Production of Fluorspar in Europe by Countries, 1931 Through 1951, Metric Tons§ 


Germany Germany i 
United 
Year France (Eastern) (Western) Italy Norway Spain Sweden Switzerland Kiksdem USSR 
1931 23,800 19,779* 26,780" * 5,850 630 6,017 1,000 20,242 Data not 
507 3,564 1,000 28,508 19,388*** 
1934 14,100 33,8571; 36,188 9,668 673 
1935 22,750 63,196 35,218 9,500 1,067 Data not 31,646 aygspee* 
available 
1936 30,600 74,278 56,512 11,437 1,013 Data not 33,491 58,095*** 
1937 51,430 68,367 76,092 13,385 1,693 Pree 42,837 70,000 
1938 51,9004 67,886 81,269 12,186 1,676 8,596 33,866 Data not 
available for 
1938 through 
1951 
1939 63,0853 69,613 92,350 13,243 2,367 8,408 
1940 48,1885 68,869 78,878 16,320 Data not 9097 
available 
1941 39,7408 66,323 80,501 20,905 1,529 15,400 42,233 
1942 26,0862 84,407 91,265 35,034 1,920 16,297 468 486 43,920 
1943 23,3438 198,536 198,536tt 30,486 905 35,911 2,107 582 55,106 
1944 12,7808 170,0007t 170,000;tt 6,757 2,761 55,595 1,836 520 48,927 
1945 13,7468 Data not Data not S000 3,142 9,643 3,448 44281 
aig available available 
20,9078 14,000; 16,910; 7,806 4,590 8,712 Slee 47,200 
1947 27,1978 21,0007 19,235 20,860 1,089 13,885 2.780 45,016 
1948 32,4833 Data not 49,344 40,635 1,120 42,549 4,303 58,948 
available 
1949 39,2798 Data not 50,000 20,810 895 59,594 52,867 
available 
1950 35,400 Data not 92,520 31,611 838 32,669 4,2847 50,294 
available 
1951 50,000 Data not 143,741 40,838 700+ 54,789 5,087+ 75,9548§ 
available 


* Excluding Anhalt and Thuringia. 
** Excluding Baden 


*** See Ref. 9. In 1933, 19,388 metric tons; 1935, 47,859 metric tons; 1936, 58,095 metric tons. 


7+ See Ref. 19. 
+7 Excluding Thuringia. 

t Including Western Germany. 
tt Including Eastern Germany. 


§ All figures from USBM Minerals Yearbook, 1936-1951, unless otherwise indicated. 
§§ United Kingdom (including fluorspar recovered from mine dump) 74,754 1T in 1951; Sweden (sales) 4216 1T in 1950 and 5007 1T 


in 1951.19 


$30.00 to $40.00 U.S. short ton duty paid, and that of 
acid grade fluorspar was $65.00 per short ton f.o.b. 
Los Lunas, N. M.* Duties on imported fluorspar were 
$7.50 per short ton for metallurgical grade and $1.87 
per short ton for acid grade. Comparable prices in 
1939 averaged $20.56 U.S. per short ton for metal- 
lurgical grade and $29.76 for acid grade. In 1951 the 
price in Europe at the mines ranged from $13.00 to 
$23.00 U.S. per metric ton for metallurgical grade 
fluorspar and $30.00 to $40.00 U.S. per ton for acid 
grade. Local prices were $29.00 U.S. per metric ton 
f.o.b. Hamburg for metallurgical grade fluorspar 
with 65 effective units from the Bavarian mines in 
Western Germany; $31.00 U.S. per metric ton f.o.b. 
Cagliari for acid grade from the Sardinian mines in 
Italy; $44.00 U.S. per metric ton f.o.b. San Feliu de 
Guixols for acid grade from the Gerona mines in 
Spain; and $26.00 to $28.00 U.S. per metric ton f.o.b. 
Santander and Gijon for metallurgical grade of 70 
effective units from the Oviedo mines in Spain. 

It appears that the principal highly industrialized 
countries in Western Europe are self-sufficient as re- 
gards supplies of fluorspar for several decades. 
Moreover, the greatly increased production rate for 
export from Italy and Spain brought about by world 
shortage and high prices has spurred development 
of old mines and discovery and opening up of new 
deposits, so that for several decades these two coun- 
tries should be able to supply their own needs and 
also maintain high rate of production for export. 

France: Deposits of fluorspar occur in France in 
the Central massif in the departments of Haute- 
Loire, Puy-de-Déme, Sadne-et-Loire, Aveyron, and 
Tarn, and in the Esterel massif in the Department of 
Var. There are also minor deposits in the Ardennes 
and Vosges. In 1951? 11 deposits were in operation 
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in the areas of the Central and Esterel massifs. 

Prior to World War II France was the third rank- 
ing fluorspar producer, exceeded only by Germany 
and the U. S. During the German occupation pro- 
duction dropped, however, from a high of 63,085 
metric tons in 1939 to a low of 12,780 metric tons in 
1944.° Since the war, it has gradually increased, 
reaching 50,000 metric tons in 1951. The bulk of the 
fluorspar produced has come from the departments 
of Haute-Loire, Var, and Puy-de-Déme. Tarn has 
only recently begun to produce significant amounts. 

Deposits in the Central massif are some distance 
from Mediterranean and Atlantic ports, but the de- 
posits in the Esterel massif (Var) are near the port 
of St. Raphael. 

Fluorspar deposits in the area of the Central mas- 
sif® are located near Langeac and Chavaniac-Lafay- 
ette (Haute-Loire), at Petite-Verriére and La Selle- 
en-Morvan (Sadne-et-Loire), at Saint-Germain- 
prés-Herment (Puy-de-Déme), at Pruines (Avey- 
ron), and at Saint-Jean-de Jeanne and Alban 
(Tarn). In the Langeac (Haute-Loire) area the 
chief fluorspar vein at the Le Barlet mine is from 3 
to 10 m thick and extends over a length of 200 m, of 
which 120 m have been developed to a depth of 50 m. 
The vein occurs in gneiss and beds of the Carbon- 
iferous coal measures and is displaced at the east 
and west ends by vertical faults. The tenor of the 
crude ore varies from 60 to 90 pct CaF... Chalcopy- 
rite, pyrite, and other sulphides are associated with 
the fluorspar. In 1951 nearly 50 pct of the fluorspar 
produced in France came from this area. In the 
Petite-Verriére (Sadne-et-Loire) area the chief 
fluorspar vein at La Foulette mine is 160 m long with 
a thickness of 1 to 8m. It has been developed to 372 
m in depth. Barite is associated with the fluorspar 
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The Gloria Il Mine at La Cardenchosa, Spain. 


at Petite-Verriére and much quartz is present in the 
veins at La Selle-en-Morvan, which is a southern 
extension of the La Foulette vein. In the Saint-Ger- 
main-prés-Herment area the fluorspar veins at the 
LeBeix mine vary from 30 to 245 m long, with an 
average thickness of from 1 to 14 m, and are known 
to reach to 86 m in depth. The fluorspar is associated 
with barite and galena. In the Pruines area the 
Le Kaymar fluorspar deposit is small and of low 
grade. In the Saint-Jean-de-Jeanne (Tarn) area 
fluorspar associated with chalcopyrite occurs in 
three parallel veins each 1.5 m thick within a zone 
20 m wide and over 1 km long. The veins were pre- 
viously worked in the second century for copper. In 
the Alban (Tarn) area the Negremont fluorspar de- 
posits consist of two veins striking west and dipping 
at 70°. The fluorspar veins with 85 to 95 pct CaF, 
crude are associated with thick veins of quartz. 
The fluorspar deposits in the Esterel massif are 
located around the village of Les Adrets de Frejus 
and comprise the deposits of Font-Sainte, Les Men- 
dignons, Les Trois Vallons, Les Trois Termes, La 
Madeleine, and Garrot. Fluorspar is also obtained 
from galena mines in the Chaine des Maures west of 
Frejus. Fluorspar occurs in veins intruded into the 
Archaen granite gneiss and mica schists of the mas- 
sif covered in part by Carboniferous and Permian 
sedimentary beds. The veins are related to porphy- 
ries and melaphyres of Permian age extruded during 
the Hercynian orogeny. They strike west in the 
Font-Sainte, Les Trois Termes, and La Madeleine 
mines to northwest in the Garrot, Les Mendigons, 
and Les Trois Vallons mines. The largest veins at 
the most important Fonte-Sainte mine are 150 to 300 
m long and up to 2 m wide. In 1951 the Font Sainte 
and Garrot mines produced about 20 pct of the fluor- 


The Monreale Mine in Sardinia, Italy. 


spar produced in France. Veins are from 100 to 120 
m long and 8 to 10 m wide at the Garrot mine, and 
1 to 10 m wide at Les Trois Vallons. They average 
4m wide. Most have been developed to a depth of 
only 12 to 40 m. The fluorspar is associated with 
quartz, galena, and sphalerite and—with the excep- 
tion of the Garrot mine—also with barite. The barite 
at the Les Trois Vallons mine is concentrated as 
massive layers against the foot and hanging walls of 
mica schist. The crude ore tenor varies from 50 to 
92 pet CaF., with 8 to 20 pct SiO, and 1.5 to 3 pct 
BaSO,. 

Estimated probable reserves in the Esterel massif 
area in 1939 were 150,000 metric tons. Total reserves 
of fluorspar containing more than 35 pct CaF, in 
France are estimated at more than 1 million metric 
tons.* 

Eastern Germany: Deposits of fluorspar occur at 
Wiedersberg and Schonbrunn in Saxony, at Oehren- 
stock, Ilmenau, Steinbach, Schorte, Atterode, Au- 
wallenburg, and Herges-Vogtei in Thuringia, at 
Siptenfelde and Neudorf in Anhalt, and at Rottle- 
berode and Stolberg in the province of Saxony. 
Before World War II the mines in Bavaria (in West- 
ern Germany) ranked first in production, the Rot- 
tleberode mines in the Hartz Mountains of Saxony 
ranked second, and the mines in Thuringia third.® 

Maximum production in Eastern Germany prior 
to 1939 was 74,278 metric tons in 1936, but 84,407 
metric tons were produced in 1942.° The deposits at 
Siptenfelde and Neudorf in Anhalt and at Rottle- 
berode and Stolberg in Saxony are in the Hartz 
Mountains. North of Rottleberode there are two 
series of fluorspar veins striking WNW and NW and 
dipping 80° NNE in graywacke and slates. The veins 
have been developed down to 165 m. The fluorspar is 


Table III. Exports of Fluorspar from Countries in Europe, Metric Tons* 


Western United 
Year France Germany Italy Norway Spain Sweden Kingdom 
1946 584 Data not Data not 433 2,505§ 1642 1805 
available available 
1947 1011 Data not 3,743§ 352 10,924§ 846 1724 
available 
1948 587 16,571 4,305§ 736 8,816§ 645 2165 
1949 2409** 21,177 7,128§ 382 11,474§ 238 1102 
1950 3729** 54,462} 8,820§ 32,026§ 35 Data not 
available 
1951 2876** 81,138; 21,472 Data not 29,8158 26 Data not 
available available 


* Information has been taken from USBM Minerals Yearbook, 1948 through 1951, and from Statistical Summary of the Mineral In- 
dustry 1946-1952, London. Metric tons given here have been converted from long or short tons given in sources. 

** 1532 short tons in 1949, 2772 short tons in 1950, and 1415 short tons in 1951 were exported to the U. S. 

+1375 short tons in 1948, 29,624 short tons in 1950, and 47,890 short tons in 1951 were exported to the U. S. 


t This figure includes feldspar. 
§ Exported to U.S. only. 
§§ 11,805 short tons were exported to the U.S. 


386—MINING ENGINEERING, APRIL 1955 


TRANSACTIONS AIME 


associated with quartz, chalcopyrite, pyrite, and 
barite.’ Productive capacity of this area in 1945 was 
36,000 metric tons per year.. At Siptenfelde and 
Neudorf there are two important fluorspar veins in 
argillite 5 to 30 m in width and 700 m in length, 
striking NW and dipping 70°S. The veins, which 
have been developed down to 180 m, appear to thin 
out at this depth. The fluorspar is mainly pure, asso- 
ciated with a little quartz, calcite, galena, and chal- 
copyrite.” Productive capacity of this area in 1945 
was 5000 metric tons per year.® 

In Thuringia fluorspar deposits occur at Herges- 
Vogtei, Auwallenburg, Steinbach, and Atterode and 
at Oehrenstock, Ilmenau, and Schorte. At Herges- 
Vogtei the fluorspar vein occurs with abundant 
barite in gneiss, mica schist, and granite. The most 
important mines in the area are between Steinbach 
and Atterode, where the fluorspar associated with 
quartz and wad occurs in augengneiss. The veins, 
striking predominantly NW and dipping 65° to 85° 
NE, vary in width from 20 m at surface to 6 m at 
60 m below the surface. The average width, how- 
ever, is 1 to 2m. At the largest mine in the area the 
fluorspar lode has been developed for 1400 m in 
length.’ This mine had an annual productive capa- 
city of 12,000 metric tons in 1945.° Between Ilmenau 
and Schorte fluorspar occurs in veins striking NW 
and dipping 55° to 75° S in a zone, which has been 
followed for a length of 8000 m in sandstone and 
eruptive rocks. The fluorspar is usually associated 
with barite, quartz, and hematite. The widths of the 
veins vary from less than 1 m to 25 m. At Schorte, 
where the fluorspar veins are in porphyry, they are 
1 to 2 m wide and are not associated with barite. 
The SiO, in the crude ore is less than 1 pct. 

In Saxony filuorspar deposits occur at Wiedersberg 
and Schonbrunn near the Bavarian border of West- 
ern Germany. At Schonbrunn the fluorspar occurs 
in a west-striking fault between Silurian and De- 
vonian shales. The tenor of the crude ore is 81 to 
85 pct CaF, with approximately 16 pct SiO, and 1.92 
pet Fe.O,. At Wiedersberg the fluorspar lodes are 
associated with iron and copper ores with quartz 
and the fluorspar content decreases in depth. These 
lodes, which strike NW, are in graywacke and con- 
glomerate of Middle and Lower Devonian age and 
to the north in diabase.’ Fluorspar reserves in East- 
ern Germany, which contain more than 35 pct CaF,, 
are estimated to exceed 1 million metric tons. 

Western Germany: Deposits of fluorspar occur in 
Western Germany between Altfalter and Freyung 
and Donaustauf and Bach near Regensburg in Ba- 
varia and between Hesselbach and Wittichen and 
Todtnau and Schonau in Baden. In Bavaria 15 
mines are active in the Alfalter-Freyung district 
near Schwandorf, and two mines are active and two 
inactive in the Donaustauf-Bach district along the 
north bank of the Danube. In Baden two mines are 
active in the Hesselbach and Wittichen districts and 
several small mines in the Todtnau-Schonau district. 


Prior to World War II, production of fluorspar in 
Germany exceeded that of all other countries in the 
world except the U. S. Maximum production at- 
tained was 198,536 metric tons in 1943. After the 
division of “Germany in 1945, production in the 
Western Zone declined to 19,235 metric tons in 1947 
and has continued to increase each year since then. 
The 1951 production was 143,741 metric tons. The 
chief ports for export of fluorspar from Western 
Germany are Bremen and Hamburg. 

At the beginning of 1952 the rate of fluorspar 
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production in Western Germany was approximately 
190,000 metric tons per year, of which 160,000 
metric tons were being produced in the Altfalter- 
Freyung area, 15,000 metric tons in the Donaustauf- 
Bach area, and 15,000 metric tons in Baden. Most 
of the production is consumed in Germany, but 44,- 
530 metric tons” were exported to the U.S. in 1951. 

In the Schwandorf area fluorspar occurs between 
Altfalter and Freyung north of Schwarzenfeld as a 
series of veins striking NW and dipping 60° to 70° 
SW. Near Wolsendorf and Stulln the strike changes 
to north. All the fluorspar veins are in granite of 
Permian age intrusive into Archean gneiss. Quartz, 
barite, calcite and, in places, galena containing sil- 
ver, pyrite, chalcopyrite, and uranium minerals are 
associated with the fluorspar. In the upper part of 
the veins, green and light purple fluorspar predomi- 
nate, but in some mines the color darkens down- 
ward and becomes almost black in some of the 
deeper levels. There appears to be a definite con- 
nection between the occurrence of the darker fluor- 
spar and the uranium content similar to the associa- 
tion of reddish-brown dolomite with pitchblende 
which is used as an indicator of uranium in the 
Erzegebirge district in Russian-occupied Czechoslo- 
vakia to the northeast. Purple fluorspar also occurs 
in this area. In most of the mines where uranium 
minerals are present, the fluorspar is dark purple to 
almost black and gives off an odor of fluorine when 
broken. The view has been expressed” that calcium 
and fluorine ions are liberated by radioactive bom- 
bardment and that the free calcium gives the dark 
purple color to the fluorspar and the fluorine the 
odor. The fluorspar veins vary in thickness from a 
few centimeters to 4 m and occur in a zone 8 km 
long. There are 15 active mines in the Altfalter- 
Freyung area in which mining commenced 100 years 
ago. The largest mine at Wolsendorf has been de- 
veloped down to 200 m and over a length of 1000 m.” 
Reserves are estimated at 1 million metric tons. 

In the Donaustauf-Bach area, fluorspar occurs in 
a series of roughly parallel veins striking N 10° to 
25° W and dipping 70° to 80° SW. The veins, of 
green and purple fluorspar from a few centimeters 
to 4 m wide, occur in granite, presumably of Per- 
mian age. In the eastern section between Lichten- 
wald and Bach, some of the veins, in mines now 
abandoned, were 2.0 to 2.5 km long. However, in 
this area the fluorspar veins merge northward into 
quartz veins. Quartz and kaolin and sometimes 
barite, pyrite, and galena are associated with the 
fluorspar. Only two mines, both in the central sec- 
tion north of Sulzbach, are now active in this area. 
Reserves are estimated at 200,000 metric tons. 


In Baden the fluorspar occurs in two northwest- 
striking veins in granite near Hesselbach and Witti- 
chen north of Oberkirch, and in several small veins 
striking west to northwest in gneiss between Todt- 
nau and Schonau, southeast of Freiburg. The fluor- 
spar veins in the Hesselbach-Wittichen area dip 70° 
to 80° SSW and occur between porphyries and gran- 
ite of Lower Carboniferous age. The veins are from 
2 to 4m wide. They consist of massive barite with 
a little fluorspar in the upper levels and massive 
fluorspar with a little barite chiefly along the walls 
in the lower levels. Associated minerals are wad 
and hematite. Estimated reserves are between 500,- 
000 and 1 million metric tons. Total reserves con- 
taining more than 35 pct CaF, in Western Germany 
are estimated at 2 million metric tons. 


Greece: No fluorspar mines are operating in 
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Greece, but some fluorspar is obtained as a byproduct 
from the lead-silver mines near Lavrion. High 
grade fluorspar with 82 pct CaF, and 15 pct SiO, also 
occurs in pockets or pipes in limestone at Sunion in 
Attica. 

Italy: Deposits occur in northern Italy at Camer- 
ata Cornello north of Bergamo, at Collio north of 
Brescia in Lombardia, and also between Trento and 
Bolzano in Tridentina; in central Italy they occur at 
Sasso near Santa Marinella in Lazio, in Sardinia at 
Monreale near Sadara, and at Burcei and San An- 
dre Frius in the mountain ranges northeast of Cag- 
liari. Fluorspar is also produced as a byproduct from 
the lead-zine mines at Presolana in Lombardia and 
the lead-zine mines of the Iglesias area in southwest 
Sardinia. 

Italy produced 40,838 metric tons of fluorspar™ in 
1951—of which 11,805 metric tons were exported to 
the U.S.“—and 58,684 metric tons in 1952. The bulk 
of the production came from northern Italy. 

Ports of shipment from the northern Italian mines 
are Genoa and Venice; from central Italy, Civita- 
vecchia; and from Sardinia, Cagliari. 

- Deposits in northern Italy occur in limestones and 
schists of Triassic age in the Dinaride zone of the 
eastern Alps. The deposits themselves may be of 
Oligocene or early Miocene age. In the Bergamo and 
Brescia areas, irregular pockets and lenses of fluor- 
spar occur in limestone along the contact with over- 
lying schists. One lens in this area is reported to be 
15 m wide. 

At Presolana north of Brescia fluorspar is obtained 
as a byproduct from the lead-zinc mines. The 
average tenor of the ore is 25 pct CaF., 10 pet ZnS, 
and 2 pct PbS. The mines at Camerata Cornello and 
Collio also contain 2 pect ZnS and 1 pct PbS. The 
bulk of production in Italy has come from Lom- 
bardia province, which produced 29,481 metric tons 
in 1951." The Trento-Bolzano area produced only 
6088 metric tons in 1951.“ Reserves in northern 
Italy are estimated to exceed 1 million metric tons. 

In Sardinia at Monreale near Sardara and at San 
Andrea Frius and Burcei in the mountain ranges 
northeast of Cagliari the fluorspar occurs as veins in 
Silurian schist. The veins are associated with gran- 
ite batholiths of Hercynian age intrusive into Silu- 
rian schists; at Burcei some of the veins are also 
found in the granite. In the Sardara area at Mon- 
reale two mines are operating and have been devel- 
oped down to 60 m in five almost parallel veins 100 
to 620 m long with an average width of 1 m. The 
veins strike NE and dip 70° to 89° W in Silurian 
schist. The tenor of the crude ore averages 78 pct 
CaF, with 5 pct SiO,. In the San Andrea Frius and 
Burcei areas the fluorspar occurs in veins in Silurian 
schist that strike generally NW. In the Burcei area 
some veins occur in the granite. The fluorspar de- 
posits have only been slightly developed; widths of 
the veins range from 1 to 2 m. One vein at San 
Andrea Frius has been traced for 500 m. The tenor 
of the crude ore varies from 41 to 66 pct CaF, with 
8 to 53 pet SiO,. Fluorspar is also present in the 
lead-zine deposits in the Iglesias area, where it oc- 
curs as replacement deposits in arenaceous Cam- 
brian beds and Silurian limestone. Reserves in Sar- 
dinia are estimated to exceed 300,000 metric tons. 

At Sasso in Lazio in central Italy fluorspar occurs 
in easterly striking veins up to 2 m wide in lime- 
stone and shales of Eocene age. Total fluorspar re- 
serves in Italy containing more than 35 pct CaF, are 
estimated at 2 million metric tons. 
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Les Trois Vallons Mine, Var, France. 


Norway: Fluorspar deposits occur at Jonsknuten 
and Lassedalen near Kongsberg in Buskerud and 
at Dalen in Telemark in southern Norway. Produc- 
tion of fluorspar in Norway has steadily declined 
since the active period in World War II, from 4590 
metric tons in 1946 to 838 in 1950." 

Spain: Deposits of fluorspar occur at Osor in 
Gerona province, northeastern Spain, at Fuenteove- 
juna and La Cardenchosa in Cordoba province in 
southern Spain, and between Aviles and Oviedo and 
Colunga and Ribadesella in Oviedo province in 
northern Spain. In 1952 two large deposits and some 
14 smaller deposits were actively exploited in 
Oviedo province, one deposit was being exploited in 
Gerona, and one in Cordoba. 

Before World War II Spain produced only a small 
tonnage. During the war production rose to a high 
of 55,595 metric tons in 1944,° declining to a low of 
8712 metric tons in 1946.* Since 1946 fluorspar pro- 
duction has gradually increased again, chiefly as the 
result of U. S. demand; of the 54,789 metric tons 
produced in 1951,* 30,130" were exported to the U.S. 

Ports of shipment for the fluorspar mines in the 
Colunga-Ribadesella and Aviles-Oviedo districts in 
Oviedo province are Gijon and Santander on the 
Bay of Biscay and for the Osor mine in Gerona 
province San Feliu de Guixols on the Mediterranean. 
Mine operators at La Cardenchosa in Cordoba prov- 
ince transport the ore by road to Belmez and thence 
by rail to the port of Huelva. 

The largest fluorspar deposits in Spain have been 
found near Osor in the province of Gerona. In this 
area veins of green and white fluorspar associated 
with galena and sphalerite have been traced in a 
fault zone for a length of 7 km. The fluorspar veins 
were injected during the Hercynian orogeny in 
gneiss, schists, and limestones of the Catalonian 
coastal range. The main fluorspar vein extends for 
2.5 km and varies from 2 to 8 m in width. Average 
width is 3.5 m. It has been developed over a length 
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of 500 m and to a depth of 110 m in the Osor mine. 
The general dip of the veins is 85° N. Reserves are 
estimated to be from 800,000 to 2,200,000 metric tons 
and the tenor of the crude ore ranges from 65 to 66 
pet CaF., with 12 to 15 pct SiO,, 2 to 3 pet BaSO,, 7 
pet CaCO,, 4 to 5 pet ZnS, and 2 pct PbS. 

Fluorspar deposits in Oviedo province occur be- 
.tween Aviles and Oviedo and to the east along the 
coast between Colunga and Ribadesella. The de- 
posits occur as veins and pockets in Liassic limestone 
and in the Aviles area as a stockwork in Triassic red 
shale. The largest deposits, the La Collada and 
Josepha veins, are located northeast of Oviedo 100 m 
apart. These two veins both dip 66° NE and occur 
in Liassic limestone. The fluorspar veins range up to 
7m wide, but the average width is about 1 m. The 
mines have been developed to 20 m in depth and 
about 200 m in length. The crude ore tenor is 80 pet 
CaF, and 12 pct CaCO;. The deposit in the Aviles 
red shale area is only slightly developed. The tenor 
of the ore varies between 60 and 70 pct CaF, with 20 to 
25 pct SiO, and 1 to 5 pct BaSO,,. In the area between 
Colunga and Ribadesella fluorspar occurs mainly in 
pockets. The ore ranges in tenor from 85 to 98 pct 
CaF,.. The fluorspar reserves containing more than 
35 pet CaF, in Oviedo province have been estimated 
at 350,000 metric tons. 

In Cordoba province fluorspar veins occur near 
Fuenteovejuna and at La Cardenchosa in the Sierra 
de los Santos. In 1952 one mine at La Cardenchosa 
was operating. Two fluorspar veins some 4 km apart, 
Gloria I and Gloria II, occur near La Cardenchosa. 
Gloria II fluorspar vein has been traced by outcrops 
for a length of 1.5 km. It dips 75° SE in granite 
which is probably intrusive into Cambrian slates. 
Average width of the vein at the outcrop is 2 m. 
The deposit has been mined opencast down to 6 m 
over a length of 500 m. The vein consists almost en- 
tirely of massive colorless fluorspar associated with 
a little quartz and calcite and in places azurite and 
malachtite. The tenor of the crude ore is very high, 
averaging 96 pct CaF, and 3 pct SiO.. 

The Gloria I vein is stated to strike in the same 
direction as Gloria II and to have been traced over 
2 km in length. It lies south of Gloria II and is said 
to be of lower grade. 

The Rosalie mine between Fuenteovejuna and 
Penarroya has not been active since 1951. The fluor- 
spar vein here varies from 2 to 5 m wide, occurring 
along the contact of Cambrian shale and limestone. 
The vein dips 60° south and has been mined open- 
cast over a length of 40 m and to a depth of 8 m. 
The estimated reserves in Cordoba province prob- 
ably exceed 200,000 metric tons. Fluorspar for ex- 
port from this area is shipped from Huelva. 

Fluorspar has been reported from many of the 
other provinces in Spain and small mines have been 
developed in the Bilbao and Barcelona regions. The 
total reserves in Spain containing more than 35 pct 
CaF, are estimated at 2,750,000 metric tons. 

Sweden: Fluorspar deposits occur between 
Branteviks and Onslunda in Skane in southern 
Sweden, but only one mine at Onslunda is now ac- 
tive in this region. Production of fluorspar in Swed- 
en amounted to 4303 metric tons in 1948' and is 
increasing each year. The port of shipment for the 
Skane area is Simrishamn. 

Deposits in Skane occur in northerly striking 
faults in Cambrian quartzites. The veins seldom ex- 
ceed 4 m wide but in some cases they extend longi- 
tudinally for 300 m, and at one mine at Onslunda a 
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vein has been developed to a depth of 75 m. The 
tenor of the ore varies from 35 to 76 pct CaF, with 
19 to 36 pct SiO,.. Minerals associated with the flu- 
orspar are calcite, quartz, galena, and sphalerite. 

Although considerable development has been done 
on the fluorspar deposits at Onslunda, only a small 
amount of exploration has been done on the other 
deposits in Skane. Reserves of fluorspar containing 
more than 35 pct CaF, in the Branteviks-Onslunda 
area possibly exceed 500,000 metric tons. 

Switzerland: Deposits of fluorspar have been 
found in several areas in Switzerland, although few 
appear to be of commercial importance. The largest 
are in the Martigny-Sembrancher area in Valais 
Canton on the eastern slopes of Mt. Blanc. Other 
occurrences are at Oltschialp near Brienz in Berne 
Canton, near Gotthard in Uri Canton; and at Santis 
in Appenzell Canton. 

Data on production of fluorspar in Switzerland are 
not available for the years 1945 to 1951, but 520 
metric tons were produced in 1944 and 582 metric 
tons in 1943." 

In the Martigny-Sembrancher area the fluorspar 
veins are in crystalline schists associated with quartz 
and calcite.” In the Santis area the veins occur in 
Lower Cretaceous limestones, at Oltshialp in lime- 
stone, and at Galenstock in crystalline schists. 

Reserves in the Martigny-Sembrancher area are 
estimated at more than 200,000 metric tons.” 

United Kingdom: Deposits of fluorspar occur at 
Stanhope in Durham county, at Alston in Cumber- 
land county, at Grassington in Yorkshire county, 
between Castleton and Wirksworth in Derbyshire 
county, between Camborne and Redruth in Corn- 
wall county, and in the Tamar Valley area of the 
counties of Cornwall and Devonshire. 

Rate of fluorspar production in the United King- 
dom has been fairly constant for the past ten years, 
ranging between 39,000 to 59,000 metric tons per 
year on the basis of 100 pct CaF, Most of the 
fluorspar produced is consumed locally. 

At Stanhope in West Durham and at Alston in 
Cumberland fluorspar deposits‘occur as a network of 
conjugate fissure veins in small faults striking 75° 
N to 80° W and 50° N to 65° E in almost horizontal 
Carboniferous sandstones and limestones. In the 
WNW-striking veins deposits are up to 9 to 12 m 
(30 to 40 ft) wide but in the ENE striking veins the 
maximum width is usually 2 m (6 ft). Some ore 
shoots have been traced for a vertical depth of 120 m 
(400 ft). The tenor of the crude in the West Durham 
mines is 75 to 96 pct CaF, with 3 to 20 pct SiO,, usu- 
ally as quartz. Other associated minerals such as 
galena, sphalerite, chalybite, ankerite, and calcite 
occur only in small amounts. The galena content 
seldom exceeds 4 pet. In the Alston area of Cumber- 
land the fluorspar veins are of lower grade and few 
of them contain sufficient tonnage to make them 
worth working for fluorspar.” 

At Grassington in Yorkshire most of the veins 
carrying fluorspar are worked out. The veins occur 
in Lower Carboniferous limestones and sandstones 
and strike ENE and WNW. The mines in most cases 
were worked for galena and the fluorspar is usually 
in minor amounts with barite, barytocalcite, and 
witherite. 

Between Castleton and Wirksworth in Derbyshire, 
fluorspar deposits occur as fissure fillings and as re- 
placement deposits in Carboniferous limestone con- 
taining interbedded basic lavas and tuffs and intru- 
sive sheets and necks of dolerite. The tenor of the 
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crude ore veins ranges from 46 to 77 pct CaF., with 
4 to 8 pct SiO., 1 to 31 pct BaSO,, and 11 to 28 pct 
CaCO, with up to 2 pct PbS.” 

Reserves of fluorspar in mines and dumps in the 
country are estimated to be 1,436,750 tons in terms 
of 100 pct CaF.,” including 100,000 tons from recent 
developments in Derbyshire. 

USSR:’ Deposits of fluorspar occur at Kalangui, 
Solonechnoye, and Abagaitui in Transbaikal, at 
Anderma in the northern Urals within the Arctic 
circle, and at Aurakhmat and Takob in Turkestan. 
There are also submarginal and undeveloped depos- 
its at Khaidarkan in Turkestan and Zaliv Kresta 
on the Bering Sea. 

Figures on USSR fluorspar production after 1936 
are not available. In 1935 the USSR produced 47,859 
metric tons, of which 17,800 came from Kalangui, 
9300 from Abagaitui, 9000 from other mines in the 
Transbaikal, 3000 from Aurakhmat, and 8759 from 
Anderma. The probable annual production of fluor- 
spar in the USSR from 1936 to 1944 is estimated to 
have averaged between 50,000 and 60,000 metric 
tons. It may not have risen above this rate since 
the war, as the additional supplies needed for esti- 
mated increased consumption are probably being 
obtained from other countries in the Soviet sphere. 

The fluorspar deposits at Kalangui, Solonechnoye, 
and Abagaitui in Transbaikal are associated with 
granitic intrusions into sandstones and clayey shales 
of Jurassic age. The crude ore at Kalangui is stated 
to range from 62.6 to 98.5 pct CaF. with 0.08 to 38.6 
pet SiO,, 0.04 to 5.57 pct Fe, and 0.02 to 1.84 pct S. 
Proved reserves in 1937 were stated to be 300,000 
metric tons and total estimated reserves 575,000 
metric tons. Samples of the crude ore in the Solo- 
nechnoye deposits are stated to run from 43.1 to 91.5 
pet CaF, with 5.4 to 50.9 pct SiO.; in 1937 proved 
reserves were 309,300 metric tons and estimated re- 
serves 399,000 metric tons. The Abagaitui deposit in 
1937 had proved reserves of 36,600 metric tons and 
total estimated reserves of 84,000 metric tons; grade 
of the crude ore is stated to range from 90 to 92 pct 
CaF, with 2 to 4 pct SiO,. 

The fluorspar deposits in Anderma in the Arctic 
Circle are associated with granite intrusions of 
Paleozoic age. The bulk of the crude ore is stated to 
average from 40 to 54 pct CaF, and proved ore re- 
serves in 1937 were 894,500 metric tons with total 
estimated reserves of 2,102,000 metric tons. The 
Aurakhmat and Takob and Khaidarkan fluorspar 


deposits in Turkestan are also associated with gran- 
itic intrusions of Paleozoic age. The Aurakhmat 
crude ores are stated to range from 33.7 to 54 pct 
CaF, and the Takob ore from 47.7 to 51.4 CaF,. How- 
ever, in these two deposits lead, zinc, and silver min- 
erals are associated with the fluorspar, while the 
Khaidarkan deposits are primarily important as a 
source of mercury and antimony, since the average 
CaF, content is only 19 pct. 

Total crude reserves of fluorspar containing more 
than 35 pct CaF, in the USSR were estimated in 1937 
to be 4,869,000 metric tons. Allowing an annual pro- 
duction since 1937 of from 50,000 to 60,000 metric 
tons per year, and assuming that no additional dis- 
coveries of importance have been made, the reserves 
of fluorspar in the USSR in 1952 may be taken as 
about 4 million metric tons. 
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Laboratory Recovery of an Oxidized Lead Mineral 
From a Southeast Missouri Deposit 


by M. M. Fine and E. J. Haug 


OR several years work has been carried on by the 
U.S. Bureau of Mines at Rolla, Mo., to develop 
improved methods of concentrating the oxidized 


M. M. FINE and E. J. HAUG, Members AIME, are, respectively, 
Metallurgist, U. S. Bureau of Mines, Rolla, Mo., and Research Metal- 
lurgist, St. Joseph Lead Co., Bonne Terre, Mo. 

Discussion on this paper, TP 4018B, may be sent (2 copies) to 
AIME before June 30, 1955. Manuscript, Noy. 5, 1954. 


390—MINING ENGINEERING, APRIL 1955 


ores of lead and zinc. Various samples have been 
investigated, and results on some have been pub- 
lished."* Details of the progress to date are given in 
a mineral dressing study now being conducted for an 
extensive oxidized lead-bearing tract in southeast 
Missouri, property of St. Joseph Lead Co. 

These oxidized ores present problems typical of 
many encountered in modern mineral dressing re- 
search in that recovery of very fine particles is of 
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primary importance. The presence of a copious 
quantity of sticky red clay is another complication. 
The lead content of this clay is extremely difficult to 


recover and hinders recovery of the more granular 
fines. 


The Ore Deposits 

Location and Extent: The oxidized surface de- 
posit of lead-bearing material covers a considerable 
area in Madison County, in the vicinity of Mine La 
Motte approximately 3 miles from Fredericktown. 
The deposit occurs in irregular patches as a crude, 
semicircular fringe around a granite knob outcrop- 
ping in the area. The red, claylike beds are located 
in a band about the outcrop, from which nearly all 
the Bonneterre dolomite has been weathered. The 
oxidized-lead deposits appear to be residual from 
the weathering and leaching of the dolomitic beds, 
the less soluble clay, silica, and lead being left be- 
hind as the carbonates were leached away. Such 
dolomitic beds outcrop near the residual beds but 
farther from the granite knob. Mining them for 
their sulphide lead content is the basis for the Mine 
La Motte operation of St. Joseph Lead Co. 

In the area of the clay beds the soil extends to the 
sandstone bedrock, varying from a few feet in depth 
to 20 ft or more. The lead zones are irregular in 
shape and variable in extent, thickness, and lead 
content, ranging from a few feet to the full depth 
and occurring at any horizon from surface to bed- 
rock. Lead content varies from a few tenths of a 
percent to several percent. To date nothing below 
1% has been considered significant, and the average 
grade of the + 1% pct material is just under 2. 

In some areas virtually all the lead content is 
finely divided, while in others there is some lump 
material running up to an inch in size. In some 
zones there is considerable galena present, but in 
others almost all the lead has been oxidized. In 
general, however, the bulk of the lead is oxidized 
and very finely divided. 


The Concentration Method 


Preliminary Examination: The sample on which 
the following experimental work was conducted 
consisted principally of quartz sand grains, a clay 
mineral of the illite group and limonitic iron oxide, 
with some cerrussite and manganese oxide and very 
small amounts of altered feldspar and pyromorphite. 
A white, earthy, amorphous lead-bearing mineral 
which could not be identified was later detected in 
some of the test products. Galena was not present. 

The material was readily broken by hand pres- 
sure. The absence of massive, hard rock is evident 
from Table I, the screen analysis of the natural 


Table I. Screen Analysis 


ize, Weight, Analysis, Total 
moh ct Pct Pb Pb, Pet 
+10 5.6 9.2 16.2 
10 to 28 5.4 8.7 14.7 
28 to 65 15.8 3.3 16.3 
—65 73.2 PASI 52.8 
Calculated composite 100.0 Bee, 100.0 


crude, made after soaking and tumbling to disinte- 
grate clay lumps. Note that 73.2 pct of the total 
weight was finer than 65 mesh. 

Detailed chemical analysis of the sample upon 
which these tests were made showed the following 
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S, 0.24; and P, 0.08. 

Gravity Concentration: Because of the limited 
content of coarse material, gravity concentration of 
the Mine La Motte sample was confined to classifica- 
tion and tabling. Efficient hydraulic classification, 
however, was found to be impossible without prior 
removal of at least part of the clay slime. Accord- 
ingly, a sample of the Mine La Motte oxidized lead- 
bearing material was crushed and ground to pass 10 
mesh, slurried to a pulp density of 10 pct solids, and 
deslimed in a 5 in. liquid-solid cyclone. During 
some early experimentation the overflow and under- 
flow openings of the cyclone were set at 1.25 and 
0.50 in., respectively. These settings, under a feed 
pressure of 20 psi, resulted in a slime overflow of 
6 pct solids and a sand underflow at 59 pct solids. 
The overflow, amounting to 52 pct of the weight, 
was less than 2 pct +- 400 mesh in size. The cyclone 
sand was hydraulically classified, and the several 
classified products were concentrated on a labora- 
tory shaking table to yield the results presented in 
Table II. The product designated as slime is that 


Table II. Results of Desliming, Classification, and Table 
Concentration 


Weight, Analysis, Total 
Product Pct Pct Pb Pb, Pct 

Concentrate 2.2 57.5 40.5 
Middling 7.2 1.9 4.4 
Coarse tailing 20.7 .49 3.2 
Fine tailing 17.9 Bs | 12.0 
Cyclone slime 52.0 2.4 39.9 
Calculated composite 100.0 3:1 100.0 


rejected by the cyclone. 

The grade of concentrate at 57.5 pct lead was very 
satisfactory, but recovery was low. In terms of 
granular cerussite, however, the 40.5 pct recovery 
probably represents most of what is available. 

Sulphidization Flotation: Numerous references to 
the flotation of lead carbonate, both on a laboratory 
and plant scale, have appeared in the technical 
press. Almost without exception, these describe 
processes in which the cerussite is coated with a 
superficial covering of galena by conditioning with 
an adequate quantity of sodium sulphide or other 
compound from which the sulphide ion is derived. 
The properly conditioned mineral is then floated 
with the usual sulfhydrate promoters (xanthates, 
thiazoles, etc.) commonly used in sulphide flotation. 
The sulphidization process is more than adequate on 
lead carbonate ores low in clay slimes, iron, and 
manganese oxides. The presence of excessive quan- 
tities of these deleterious materials will either de- 
feat the process entirely or increase the reagent cost 
beyond economic limits. 

The Mine La Motte material, therefore, was not 
readily amenable to the sulphidization process. Ad- 
sorption of sodium sulphide by gangue minerals 
made it necessary to use a considerable quantity of 
that reagent to coat the cerussite during flotation of 
the natural pulp. Sulphide consumption could be 
reduced by removal of much of the slime mineral 
prior to conditioning. This also improved the qual- 
ity of the flotation froth and increased the rapidity 
of float but had little effect on overall recovery. 

Results of a typical sulphidization flotation test 
are presented in Table III. The sample was ground 
to —65 mesh and then agitated with the following 
dispersants, in pounds per ton of feed: sodium 
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Table III. Results of Sulphidization Flotation 


Weight, Analysis, Total 

Product Pet Pct Pb Pb, Pct 
Concentrate 2.0 56.5 33.2 
Middling 3.5 3.2 3.3 
Tailing 54.1 2.5 39.8 
Slime 40.4 2.0 23.7 
Composite 100.0 3.4 100.0 


silicate, 2.0; sodium hydroxide, 2.0; and sodium 
cyanide, 0.5. After the dispersed slime was decanted 
the cerussite was floated with alternate stage addi- 
tions of sodium sulphide and a collector. The latter 
was an emulsion of Minerec A and the wetting agent 
Emulsol X-1. The rougher froths were combined 
for one cleaning. Total consumption of the reagents 
noted in the flotation were, in pounds per ton of 
feed: sodium sulphide, 6.0; Minerec A, 0.9; and 
X-1, 0.45. 

As shown in Table III the concentrate grade yield- 
ed by the sulphidization flotation was very good, 
but the recovery of lead was less than that attained 
by gravity methods. 

Anionic Flotation: A third means of attacking the 
problem of lead carbonate recovery is flotation with 
such anionic promoters as fatty and resin acids, 
fatty acid soaps, amine soaps, sulphonated oils, and 
petroleum sulphonates. This approach has appar- 
ently received little consideration in the past, pri- 
marily because it is usually less selective than sul- 
phidization flotation. Under favorable conditions 
cerussite can be floated readily with any of the pro- 
moters noted above, but its separation from such 
co-floating materials as iron oxides and gangue car- 
bonates is ordinarily very difficult. 

Nevertheless, the method was found to possess 
certain advantages which made it applicable to the 
treatment of Mine La Motte cerussite. No gangue 
carbonates were present, and a means of controlling 
the floatability of the iron oxides was developed. 
Finally, although this type of flotation was also ad- 
versely affected by the presence of large quantities 
of clay slimes, it was less sensitive in this respect 
than the sulphidization flotation. 


Table IV. Results of Desliming 


Analysis, Pet Pct of Total 


Weight, 


Product Pet Pb Fe Pb 
Sand 64.4 4.4 8.6 83.3 
Slime 35.6 1.6 12.6 16.7 
Composite 100.0 3.4 10.0 100.0 


Representatives of each type of promoter listed 
elsewhere in this section were tested on natural and 
partially deslimed pulps, and a distilled tall oil 
(Indusoil) was found to be one of the most effective 
and least costly reagents. A light fuel oil was in- 
cluded as an auxiliary reagent for froth control. 
After numerous reagents for this purpose had been 
investigated, sodium silicate was employed to con- 
trol the quantity of iron oxide in the froth. It was 
very effective if no excess collector was present. 

Treatment of the crushed sample (—% in.) was 
initiated by blunging in a thick pulp containing al- 
kaline dispersants to disintegrate the clay. After the 
pulp was diluted and settled long enough to make a 
separation at about 10 microns, the dispersed slime 
was decanted. Consumption of dispersants amount- 
ed to 2.0 lb of sodium hydroxide and 5.0 lb of sodium 
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silicate per ton of feed. Distribution of lead in the 
sand and slime fractions is shown in Table IV. 

The sand fraction was used as feed material in a 
number of flotation tests from which the following 
have been selected to show the variation in grade 
with recovery as affected by the sodium silicate ad- 
ditive. Procedure in these tests was as follows: 
Feed was wet-ground to —200 mesh and conditioned 
at 25 pct solids with 2.0 lb of sodium sulphide and 
a variable amount of sodium silicate. Cerussite was 
floated from the conditioned pulp by use of 0.20 lb 
of Indusoil and 5.0 lb of No. 3 fuel oil per ton of feed. 
The rougher froth was cleaned three times with no 
additional reagents. A summary of the results of 
three flotation tests in one series is presented in 
Table V. 


Table Y. Summary of Tall Oil Flotation 


Analysis of 


Concentrate, Pct Recovery of Pb, Pct 


Test 
No. Pb Fe From Feed From Heads 
21.7 19.7 62 
2 32.9 15.5 69.1 57.6 
3 52.6 8.2 0 49. 


The wide differences in the results of tests 1, 2, 
and 3 were due to sodium silicate which was added 
in the amounts of 0.0, 1.0, and 2.0 lb per ton, re- 
spectively. When the quantities of other reagents 
were balanced, the sodium silicate had a retarding 
effect on the flotation of iron oxide. The silicate had 
a lesser depressing action on the cerussite. 

The function of the sodium sulphide in this case 
was not that of coating the cerussite grains, al- 
though no doubt a certain amount of coating took 
place. It was employed to impart alkalinity to the 
pulp and to assist in dispersing residual clay slimes 
and was as effective as caustic soda, which was also 
investigated for the same purpose. It had the addi- 
tional virtues of improving both floatability of the 
lead carbonate and physical character of the froth. 

In terms of the original heads, recoveries ranged 
from 49.2 to 62.9 pct and the corresponding grade 
from 52.6 pct lead and 8.2 pct iron to 21.7 pct lead 
and 19.7 pct iron. It is probable that a grade less 
than the highest would be acceptable to the St. 
Joseph Lead Co. owing to the fact that furnace 
charges at the company’s Herculaneum, Mo., smelter 
are deficient in iron, a desirable slag-forming in- 
gredient. This deficiency could be remedied, in 
part, by Mine La Motte concentrates, the iron con- 
tent of which, as demonstrated above, can be regu- 
lated within certain limits. 

Conclusions: In a laboratory mineral dressing 
investigation of a clayey, oxidized lead-bearing 
material from a southeast Missouri property of St. 
Joseph Lead Co., a more complete recovery of the 
cerussite was effected by flotation with a tall oil 
than by gravity concentration or conventional sul- 
phidization flotation. Regulation of the iron content 
of the tall oil flotation concentrate was effected 
through the use of a sodium silicate modifier. 

Research on similar materials from the Mine La 
Motte area is continuing in an endeavor to augment 
lead recovery by treatment of slime fractions. 
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An Agglomeration Process 


For lron Ore Concentrates 


by W. F. Stowasser 


paren traveling grate process to agglom- 
erate pelletized iron ore concentrates has 
been successfully demonstrated in a pilot plant at 
Carrollville, Wis. 

Work there followed several years of develop- 
ment in the Allis-Chalmers Mfg. Co. laboratories, 
and the pilot plant phase was carried out in co- 
operation with Arthur G. McKee & Co., consultants 
and engineers to the iron and steel industry. End 
result of the process is conversion of iron ore con- 
centrates into a form which can easily be trans- 
ported and smelted in the blast furnace. 


Process Description 

The first of two process steps incorporates the art 
of balling and prepares the concentrates for burn- 
ing. The second step consists of burning the green 
balls on the grate machine to the hardness required 
for shipping and handling purposes and for reduc- 
tion in blast furnaces, see Fig. 1. 

Facilities are provided at the pilot plant to re- 
ceive carload quantities of concentrate. The con- 
centrates are loaded into a 50-ton bin direct from 
railroad cars. Because of the variable moisture con- 
tent of the concentrates after shipment in an open 
railroad car it is necessary to repulp and refilter the 
concentrates to maintain a uniform and proper mois- 
ture content for the balling operation. 

Concentrates are conveyed to slurry tanks, and 
the slurry, at 50 to 60 pct solids, is pumped to a 
4x4-ft drum filter. The filter provides feed of uni- 
form moisture to the plant. Magnetite concentrates 
are normally filtered to produce a cake containing 
about 10 pct moisture, a necessary requirement for 
the following balling operation. 

The filtered concentrate is conveyed to a rotary 
bin table feeder which acts as a surge bin for the 
filter cake and delivers a steady flow of concentrates 
to the balling drum. 

It is often desirable to make additions to the con- 
centrates as they are fed to the balling drum. These 
additives, such as bentonite, increase the strength 
of the finished green pellet and improve ballability 
of the concentrate. A vibrating feeder supplies addi- 
tive to the feed belt, and the additive is mixed with 
the concentrate in the balling drum. 

The balling drum, shown in Fig. 3, is 8x3-ft diam. 
An oscillating cutting bar maintains the lining in 
the drum by trimming off the buildup of excess con- 
centrate as it forms. The drum is operated in closed 
circuit with a 1x4-ft rod-deck vibrating screen. 
Undersize pellets or seed pellets from the screen are 
returned to the balling drum until they grow to the 
desired size. 


W. F. STOWASSER, Member AIME, is with the Processing Ma- 
chinery Dept., Allis-Chalmers Mfg. Co., Milwaukee. 

Discussion on this paper, TP 4039B, may be sent (2 copies) to 
AIME before July 31, 1955. Manuscript, Feb. 2, 1955. Chicago 
Meeting, February 1955. 
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Size of pellets is controlled by the opening in the 
screen deck. The formation of pellets in the balling 
drum is affected by many variables. Some of these 
are: the size distribution of the feed, the particle 
shape of the concentrate, the feed rate to the drum, 
the moisture in the concentrate, the speed of rota- 
tion of the drum, the slope of the drum, and the 
type of trimming obtained with the cutting bar. In 
this process, attempts are made to control the pellet 
size within the limits of 34 to % in. diam. 

The screened oversize pellets are conveyed under 
a coal feeder where sufficient powdered coal is 
added to the belt to produce desired results in the 
burning process. The top size of the coal success- 
fully used has been 20 mesh, and anthracite was 
used in the test program. Fig. 4 illustrates the 
vibrating screen and the coal feeder. The pellets 
and free coal are conveyed together to the 5x3-ft 
diam coal reroll drum that rolls the coal onto the 
surface of the pellets. This drum is also equipped 
with a cutting bar. 

The prepared pellets, containing bentonite, water, 
and surface coal, are elevated to the traveling grate, 
which consists of a continuous strand of 37 pallets. 
Each pallet, with a grate bar area 2 ft wide by 1% ft 
long, has 14-in. high side plates, Fig. 5. 

Feeding and distribution of the green balls to the 
grate is handled by a short conveyor which oscillates 
back and forth across the 2-ft width of the grate. 
An adjustable vertical plate located several inches 
in front of the head pulley of the oscillating con- 
veyor controls the height of the bed and levels the 
moving bed of pellets. This method of feeding pre- 
vents segregation of various size pellets as well as 
fines and produces a uniform, permeable bed. 

The pallet train moves under the furnace and 
across four windboxes, located beneath the pallet 
frames, see Fig. 2. As the green pellets are deposited 
on the grate, partial drying of the pellets begins 
over a 2-ft long updraft windbox. The low tem- 
perature air reduces the moisture in the pellets in 
the lower level of the bed and this operation is 
essential to prevent sagging of the bed during later 
stages of the process. The air used for this drying 
is recuperated from cooling the pellets on the grate, 
and supplemental heat, required for starting the 
process, is obtained from an auxiliary burner. 

The pellets are then moved by the grate into the 
furnace and over an 8-ft windbox, designated as the 
downdraft waste windbox. Products of combustion 
are exhausted from this windbox to atmosphere. 

The furnace, shown in Fig. 6, is constructed with 
three chambers to provide downdraft drying, pre- 
heating, and ignition, respectively, to the pellet bed 
as it passes through. Overall length of the furnace 
is 5.57 ft; however, the exterior wall ends may be 
moved to reduce the length and also adjusted to 
obtain the bed height desired. 

The drying, preheating, and ignition sections of 
the furnace are supplied with medium temperature 
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Fig. 1—Flowsheet of agglomeration process. 


air recuperated from the windbox following the 
waste windbox, designated as the recuperation 
windbox. These furnace sections are equipped with 
burners to raise the temperature of the recuperated 
air to that required by the process. 

The bed of pellets passing through the furnace is 
dried and preheated and the surface layer of pellets 
ignited by downdraft gas flow. Burning progresses 
through the bed of pellets to the grate bars. The 
pellets below the high temperature zone in the bed 
are preheated and dried while those above are 
cooled. The burn through occurs over the recupera- 
tion windbox, approximately 3 ft in length. 

The gas temperatures from the grate are a max- 
imum at the point of burn through, and this gas is 
recirculated to the furnace. 

The final stage in the process is cooling the pellets 
over the cooling windbox. The purpose of this wind- 
box, which is about 3 ft long, is to extract the re- 
maining sensible heat from the bed of pellets. This 
heat is recirculated for updraft drying purposes. 

The burned pellets, discharged over a grizzly deck 


at the end of the machine, are conveyed to a screen 
tower outside the pilot plant building, where a 
separation is made over %4-in. and 8-mesh screens. 


Operational Results 

The product obtained from the grate is shown in 
Fig. 7. A pallet is about to discharge the product 
which averages from 90 to 96 pct +% in. The 
strength of the product is determined by revolving 
a 50-lb sample of +%-in. pellets in a standard 
ASTM coke drum at 24 rpm for 100 revolutions. 
The percent —10 mesh of the screened product after 
tumbling averages about 10 pct. 

Fuel requirement for burning magnetic pelletized 
concentrates varies from 700,000 to 800,000 Btu per 
long ton of product. Approximately one-third of 
the fuel is propane gas consumed in the burners, and 
two-thirds solid fuel in the bed of pellets. 

Capacity of the grate is about 3 LTph at an aver- 
age speed of 4 to 6 in. per min, depending upon the 
bed height. 

Suction in the waste, recuperation, and cooling 
windboxes ranges from 3 to 4 in., 3 to 5 in., and 
from 2.5 to 3 in. water gage, respectively, and the 
pressure in the updraft windbox is about 3.5 to 4 in. 
water gage. 

Temperature of the recuperated air from the re- 
cuperation and cooling windboxes ranges from 600° 
to 800°F and 300° to 400°F, respectively, depending 
upon the operation. The ignition temperature is 
maintained at 2300° to 2400°F. The temperature of 
the waste gas from the waste windbox ranges from 
200° to 275°F. 

Summary 

The downdraft traveling grate process to agglom- 
erate pelletized iron ore concentrates has been suc- 
cessfully demonstrated in the pilot plant phase of 
this development. The product obtained from these 
tests indicates the strength to be sufficient to with- 
stand transportation and handling to the Lower Lake 
ports. The fuel consumption, as shown, results from 
the effective recuperation of the sensible heat from 
the process. The output was about 2 LTph per sq ft 
of grate area. This tonnage result is obtained for 
the process by including the grate areas, which are 
utilized to recuperate the sensible heat from the 
product. 
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Pictures from pilot plant show balling, sizing, and heat treating steps of traveling 


grate agglomeration process for iron ore concentrates. 


Fig. 3—Balling drum operation. Filtered concentrates on 
conveyor in foreground are discharged into table feeder. 


Fig. 6—Traveling grate furnace and instrument control panel. 
Pellets are visible in foreground. 


Fig. 4—The Low-Head vibrating screen sizes pellets from 
balling drum. Omega coal feeder in foreground adds fine 
coal to sized pellet conveyor. 


Fig. 7—Burned pellets discharging from traveling grate. 
Fig. 5—Drive end of traveling grate. Conveyor elevates pel- These pellets are sized over a grizzly, conyeyed to a screen 
lets from coal reroll drum to grate. tower, and separated over 1/4-in. and 8-mesh screens. 
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Quantitative Use of X-Ray Diffraction for Analysis 
Of Iron Oxides in Gogebic Taconite of Wisconsin 


by R. S. Shoemaker and D. L. Harris 


AST investigations into the possibility of concen- 

trating the low-grade iron ores of the Gogebic 
Range in Wisconsin have been hampered by the 
complex association of the constituent minerals. In 
part the problem arises from the fact that the iron 
occurs essentially as two minerals, hematite and 
goethite, having nearly the same chemical compo- 
sition but exhibiting different physical properties. 
Individual grains of these minerals are usually so 
small that the ore must be ground to a size finer than 
325 mesh if substantial liberation of the minerals 
is to be secured. Appraisal of beneficiation tests on 
this iron ore requires, therefore, some method of de- 
termining quantitatively the contents of constituent 


minerals in the various products of the beneficiation.. 


Because of the chemical similarity of the two iron 
minerals, chemical analyses do not provide a means 
of differentiation. Although the minerals are dif- 
ferent physically, they are both opaque and friable, 
and as the ore must be ground to a very fine size 
for liberation to be secured, quantitative micro- 
scopic methods of analysis are extremely difficult 
at best. In an effort to overcome these analytical 
problems, a quantitative X-ray diffraction analysis 
method has been developed at the University of 
Wisconsin for the research program on iron ore 
beneficiation. 

The X-ray diffraction analysis of chemical com- 
pounds of crystalline form has proved of inestima- 
ble value for structure studies and rapid qualita- 
tive analytical purposes in a number of fields.* In 
some cases X-ray diffraction analysis has been 
found suitable for quantitative determinations. 
H. P. Klug’ found that quantitative procedures for 
quartz powders when mixed with calcium fluoride 
were reproducible within +1.0 pct. Talvenheimo 
and White’ reported quantitative analyses of clay 
minerals to be accurate within 10 pct and also de- 
tected 1 pct of bentonite in 99 pct illite. In other 
investigations,” powders of quartz and mica have 
been analyzed quantitatively with accuracies from 
1 to 5 pet. A powder of tungsten carbide was an- 
alyzed similarly by Redmond’ and Rooksby* re- 
ported the determination of small amounts (0.11 
pet) of calcium oxide in magnesium oxide. 

In the most generally practiced use of X-ray dif- 
fraction, traces of the diffracted beam are recorded 
as lines on a film much as lines of elements are re- 
corded on an optical spectrograph film. As with the 
spectrograph, the darkness of the lines denotes the 


R. S. SHOEMAKER, Junior Member AIME, is Research Engineer, 
Metals Research Laboratories, Electro Metallurgical Co., Niagara 
Falls, N.Y. D. L. HARRIS, Member AIME, is Project Associate, 
Engineering Experiment Station, University of Wisconsin, Madi- 
son, Wis. 

Discussion on this paper, TP 3990B, may be sent (2 copies) to 
AIME before July 31, 1955. Manuscript, July 1, 1954. Chicago 
Meeting, February 1955. 
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Fig. 1—The X-ray sample holder. 


amount of the constituent in the sample. If the film 
is replaced by a Geiger tube assembly and a graphic 
recorder or a scaling unit, the intensity of the dif- 
fracted beam can be registered as a peak on a chart 
or energy impulses per unit of time on the scaler. 

Several methods of quantitative measurement 
have been investigated and reported in literature. 
Klug’ used manual operation of the goniometer and 
a counting technique to determine the difference in 
counting rates at. the diffracted angle and for the 
background. In another case*® the area under the 
recorded diffracted peak was the basis for the de- 
termination. In other instances the height of the 
recorded diffraction peak above background, meas- 
ured while the goniometer was moving, has been 
the basis for the measurement. 

The sizes of particles most suitable for diffrac- 
tion techniques are reported in the literature as 
follows: for tungsten carbide a maximum of 40 
microns’ and for quartz a maximum of 5 microns.’ 
Very fine sizes of crystals are known to cause a 
broadening of the diffused beams; hence some 
workers have set a lower limit of 0.1 micron for 
quantitative results. Guinier” has indicated that 
broadening of the diffracted X-ray beam is not ap- 
preciable for crystallites larger than 0.02 to 0.03 
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micron in diam. However, Birks and Friedman" de- 
termined particle sizes by line broadening for par- 
ticles in the size range of 0.005 to 0.1 micron. These 
data indicated the possible application of diffraction 
analysis to the problem at hand, as the iron ores 
had to be processed at particles sizes in a range be- 
tween the above-mentioned extremes. 
Ores and Equipment: The iron ore used in this 
investigation was part of a number of taconite 
samples taken from a formation in the area near 
Montreal, Wis., by the U. S. Bureau of Mines.’ The 
formation consists of five longitudinal members, the 
Plymouth, Yale, Norrie, Pence, and Pabst. The five 
members were sampled in four trenches, A, B, C& 
and E, cutting across the formation. Only material 
from trench E was available for this investigation. 
The taconite is composed of ferruginous slate or 
chert, the ore minerals being mainly hematite and 
goethite. The gangue content consists chiefly of 
silica. The U. S. Bureau of Mines reported that 
major minerals in the formation are hematite, goe- 
thite, magnetite, limonite, and quartz; minor min- 
erals are siderite, psilomelane, pyrolusite, rhodonite, 
feldspar, and other iron silicates. However, only 
hematite, goethite, quartz, and minor amounts of 
magnetite and siderite were found in the samples 
used in this investigation. Chemical analyses of the 
five members are given in Table I. 


Table 1. Head Sample Analyses of Taconite Members 


Member Iron, Pct Silica, Pct 
Plymouth 27.7 55.8 
Yale 28.3 52.6 
Norrie 27.6 52.0 
Pence 32.7 48.8 
Pabst 30.3 50.4 


A General Electric Model XRD-3 diffraction unit 
with spectrogoniometer and chart recorder was 
used for the X-ray diffraction measurements. The 
tube with an iron target was operated at 50 kv and 
8 milliamperes. The beam and detector slits, 3.0° 
and 0.1°, respectively, were used with a manganese 
filter. Damping and amplitude controls for the re- 
corder and amplifier were set at maximum time 
constant, C, and maximum sensitivity, No. 1. 

Operation of the instrument is as follows. The 
X-ray beam is directed to the sample by the beam 
slit and a collimator. As the X-rays are diffracted 
by the mineral crystals in the sample, they pass 
through the detector slit and filter into the Geiger 
tube assembly, which rotates around the sample at 
0.2° or 2.0° per min. The energy of the X-rays 
striking the Geiger tubes activates a Speedomax 
recorder, through an amplifier circuit, producing a 
series of peaks on a moving chart. The ordinant of 
the chart represents the intensity of the diffracted 
beam in arbitrarily chosen units of hundredths, 
while the abscissa is calibrated in degrees of the 
diffraction angle as determined by the Bragg equa- 
tion, NA = 2d sin @. In a homogenously mixed sam- 
ple of completely unoriented particles the amount 
of surface that is exhibited by any mineral should 
dictate the height of its diffraction peaks drawn on 
the chart. 

Since qualitative X-ray analyses revealed the 
major minerals of each taconite member to be hem- 
atite, goethite, and quartz, the standard samples 
were established on that basis. The goethite used 
came from Tuscaloosa County, Alabama. The chem- 
ical analyses of the mineral were: insoluble, 5.4 
pet; water, 11.9 pct; iron, 54.3 pct; and alumina, 
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5.0 pct. Water content was determined by ignition 
at 980°C. (The theoretical percentage of water in 
pure goethite is 10.15 pct). Pure goethite (Fe,O,H,O) 
contains 62.9 pct iron; hence the mineral sample 
contained 86.3 pct goethite by calculation. The 
X-ray diffraction pattern indicated a small amount 
of quartz and other unidentified broad peaks for 
the impurities. 

The standard hematite sample came from the 
Vermilion Range in Minnesota. Chemical analyses 
showed 1.19 pct insoluble and 67.1 pct iron. The 
theoretical percentage of iron in pure hematite is 
70 pet; hence the mineral sample contained 95.9 pct 
hematite (Fe.O;) by calculation. The X-ray diffrac- 
tion pattern indivated no lines other than those for 
hematite. 

The procedure was standardized for the mineral 
samples, goethite and hematite, which differed in 
origin from the taconite samples investigated. It 
was assumed that the difference in origin did not 
affect the results appreciably, as no direct check 
was available for comparison with the diffraction 
analyses. It has been suggested by Bailey” that the 
diffraction angles for iron oxides may possibly be 
affected by the presence of impurities substituted 
in the lattice for iron (aluminum, for example) and 
that the intensities of the beams may be character- 
istic of the origin of the material. For the latter 
reason, use of standard samples from a source dif- 
ferent from that of the material to be tested is 
offered with reservations. 


Procedure: The silica contents of the taconite 
samples were determined as the percentage of in- 
soluble after fusion of the samples. Percentage of 
iron was determined by volumetric titration with 
potassium dichromate in the presence of sodium di- 
phenylamine sulphate indicator. 

Approximate 1000-lb lots of each member of the 
taconite formation, —1 in. size, were split in a Jones 
splitter to obtain 60-lb samples. The latter were 
crushed to % in., split again, and then crushed to 8 
mesh and stored dry. Small head samples were pul- 
verized to —100 mesh in a Braun pulverizer having 
hard-faced plates to minimize the contamination by 
abraded iron. A mullite mortar and pestle were used 
to grind all the samples to 400 mesh and mix them 
for the X-ray tests. 

The sample mount was made from a microscope 
slide and a micarta spacer, 1% x % x 1/16 in. 
deep, inside dimensions, Fig. 1. The powdered 
material was packed gently into the tray without 
cement or filler and leveled with the edge of a glass 
slide. Various types of sample mounts have been 
used by investigators, but difficulties such as prefer- 
ential orientation of mineral grains and inaccurate 
background readings, inherent to all of them but the 
tray type, precluded their use in this investigation. 

Diffraction measurements for this work were first 
made on a series of standards made from various 
mixtures of goethite, hematite, and quartz con- 
taining 10, 25, 50, 60, 70, and 80 pct quartz. All 
standards were prepared in the same manner with 
regard to grinding, screening, and mounting. After 
a few preliminary tests, made by the scanning tech- 
nique on the diffraction unit, a different procedure 
was developed which furnished better accuracy; 
background readings were obtained by operating 
the diffraction unit (including recorder) at fixed 
angle settings, chosen at a few degrees from the 
diffraction peaks. After 3 min of recording of the 
background, the goniometer was shifted to the 
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chosen diffraction angle and a 3-min reading was 
HHH Sites cE obtained for each of 3 positions of the sample 
ssid. :Seafattattaateeti HHH mount. A second background reading of 3 min was 
HH HH then made at the same angle as the first background 
} reading. The recorder readings (0 to 100 maximum), 
or traces, were averaged graphically, and the latter 
values were averaged for the two background read- 
ings and for the three peak readings. (Instantaneous 
readings of background or diffraction intensities 
could vary as much as +5 units for any given in- 
tensity.) Differences between background and peak 
readings were noted as the intensities correspond- 
EY ing to the sample composition and the given diffrac- 
see tion peak. An example of this method of recording 
the diffraction peaks is shown in Fig. 2 for the 41.8° 
line of hematite. In contrast to this, a chart showing 
seeeea ene the scanning technique is given in Fig. 3. The 41.8° 

line of hematite is marked with an X. 
The use of graphic averages of recorded traces 
at : has the advantage of indicating shifts in background 
ses Saasate intensities and shifts in operating voltage of the 


H diffraction unit for which the equipment cannot 
| | 4 compensate. Measuring the intensities at fixed posi- 


tions of the goniometer allows more accurate aver- 
age intensity values than if the readings were taken 
instantaneously as the goniometer moves. 

, : Goethite intensities were determined at 26.6° 
and the corresponding background at 25.2°. Hema- 
tite intensities were determined at 41.8° and 69.5° 
= and the corresponding backgrounds at 40.0° and 


T 


ace oH 67.0°. All diffraction angles are noted as gonio- 
meter angles, which are equal to twice the Bragg 

Fett diffraction angle (@), and were determined em- 
tt pirically from previous scanning data. Preliminary 
7 investigations and trials indicated the foregoing to 
be satisfactory for the minerals and percentages to 
be determined. 

Results: The standard samples of goethite and 
+4 hematite and the taconite samples were analyzed 
— qualitatively by X-ray diffraction according to the 
| scanning technique. Maximal settings were then 
determined for the diffraction beams for the mineral 
ecasssuesstCSateseseace oy) standards at fixed positions of the goniometer. The 
latter settings were found lower than the maximal 
t settings indicated by the scanning technique. 
Hes The sample results, tests 1-4 in Table II, show a 


f 50% Table II. Variation in Diffraction Intensity Measurements 
for the Tray-Type Mount* 


Goethite Hematite Hematite 
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* Samples 1, 2, 3, and 4 contained 45-45-10, 25-65-10, 45-5-50, and 
15-25-50 pet hematite, goethite, and quartz, respectively. 


W 
0. 


FREE variation of small magnitude, the largest being 
soeee 30% +11.5 pet for duplicate measurements for the 41.8° 
line for hematite. The variations noted for the 69.5° 


T 
t 


Fig. 2 (upper left)—Chart of the diffraction intensity of the 
41.8° line of hematite in a sample containing 10 pct quartz, 
85 pct goethite, and 5 pct hematite. 


Fig. 3 (lower left)—Diffraction chart of the Norrie head 
sample made by the scanning technique. 
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line for hematite and the 26.6° line for goethite 
are approximately half as large. All results reported 
for this investigation are the average values of three 
measurements. 

A summary of the goethite determinations, based 
on the measured intensities at 26.6° and background 
at 25.2°, is plotted vs the percentages of goethite 
and hematite for given percentages of quartz (10, 
25, 50, 60, 70, 80 pct quartz) in Fig. 4. The percent- 
age of goethite is shown to be proportional to the 
measured intensities. These data indicate that the 


Table Ill. Chemical Analyses and Mineral Compositions 
of Taconite Members 


Calculated 
Others from 
Chemical X- X- Mineral 
SS ray ray FeCo3 Analysis 
SiOco, Fe, Goeth- Hema- Fe, Fe, Fe, 
Member Pet Pct ite tite Pet Pct Pet 
Norrie 52 27.6 38 11.5 31.9 
Pabst 50.4 30.3 23.6 22.0 0.6 30.8 
Plymouth 55.8 27.7 24.5 16.0 26.6 
Pence 48.8 32.7 12.9 21.0 1.9 3.6to07.2 28.3 to 31.9 
Yale 92.6 28.3 29.1 10.0 1.9 27.1 


intensities of the measurements have a linear re- 
lationship to composition for various mixtures of 
quartz, goethite, and hematite. To show more 
clearly the inverse relationship of the diffraction in- 
tensities of hematite and goethite, the curve of 
Fig. 4 is shown with a negative slope. The goethite 
standard contained 86.3 pct goethite (calculated) 
and 13.7 pct impurities. Values plotted in the figure 
are corrected for the analysis. 

The hematite intensities measured at 69.5° and 
41.8° are proportional to the percentage of hematite 
in samples containing fixed amounts of quartz and 
varying amounts of goethite and hematite. The data 
are summarized in Figs. 5 and 6 for a series of 
samples containing 10, 25, 50, 60, 70, and 80 pct of 
quartz. Measured diffraction intensities are plotted 
vs the weight percent of goethite and hematite. The 
plots indicate that the intensities vary appreciably 
with the percentage of quartz present, particularly 
for the data obtained at 41.8°, Fig. 3. The latter 
may be explained by the fact that the hematite line, 
or diffraction angle of 2 6, 41.8°, nearly coincides 
with a goethite diffraction angle and the latter 
affects the measured intensity of the hematite dif- 
fraction measurement. In samples of varying quartz 
content corresponding to changes in goethite con- 
tent, for a given percentage of hematite, the meas- 
ured diffraction intensity of the hematite line would 
vary with the quartz content. Results of the diffrac- 
tion analysis using the hematite diffraction angle, 
69.5° , Fig. 4, are more consistent and less affected 
by goethite and quartz contents. In both instances 
the effects of varying quartz content (and the re- 
lated goethite content) can be noted in the way the 
curves of Figs. 3 and 4 generally increase in slope 
as the quartz content increases. 

The intensity measurement in every case is the 
difference between the diffraction intensity and the 
background. The background measurement is made 
at an angle presumed to be free of characteristic 
diffraction effects for the given minerals. The latter 
presumption may not be true in every case, but it is 
believed that the background angles chosen for this 
investigation are satisfactory. 

After the X-ray procedure was standardized for 
the analyses of the minerals, goethite and hematite, 
in mixtures of goethite, hematite, and quartz, head 
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Fig. 4—Diffraction intensities of the 26.6° line of goethite 
vs percentage of goethite at 80, 70, 60, 50, 25, and 10 pct 
quartz in mixtures of quartz, goethite, and hematite. 
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Fig. 5—Diffraction intensities of the 41.8° line of hematite 
ys percentage of hematite at varying percentages of quartz 
in mixtures of hematite, goethite, and quartz. 
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HEMATITE , PCT 
Fig. 6—Diffraction intensities of the 69.5° line of hematite 
ys percentage of hematite at varying percentages of quartz 


in mixtures of hematite, goethite, and quartz. 
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samples of the five members of the taconite forma- 
tion were analyzed by diffraction. The hematite and 
goethite contents were determined by X-ray dif- 
fraction, and the quartz content was determined by 


chemical analysis. The hematite contents were de- 


termined from the standard plots corresponding to 
measured diffraction intensities and given percent- 
ages of quartz. The goethite contents could be deter- 
mined without the quartz content being known. 
Results of the analyses are given in Table III. 

Discussion: The mineral analysis by diffraction 
indicates that the iron oxides consist mainly of 
hematite and goethite. The calculated percentage of 
iron in the taconite samples based upon the mineral 
analyses is compared with the iron contents deter- 
mined by chemical means to show good correlation. 
The analyses can be explained as follows. The Pabst, 
Norrie, and Plymouth members in the main con- 
tain only goethite and hematite. The Yale member 
contains an appreciable amount of iron carbonate 
(determined by CO, analysis) and the Pence mem- 
ber contains iron carbonate and 5 to 10 pct magne- 
tite (the latter determined by magnetic separation 
and X-ray diffraction). 

The accuracy of the determination has not been 
checked by other methods of analysis. Magnetic 
separation of the five taconite members has not fur- 
nished an accurate check of the mineral content. 
A rough check of the magnetic mineral content was 
attempted, but locked grains caused unreliable re- 
sults. Even though the total percentage of iron in 
the sample calculated from the mineral analyses 
checks approximately with the chemical determina- 
tion, different contents of goethite and hematite 
could furnish the same total iron percentage 

The writers believe that the method of quantita- 
tive X-ray diffraction described herein may be ap- 
plicable in many beneficiation studies, especially to 
products of sizes finer than 400 mesh, and in in- 
stances where two minerals contain the same valu- 
able constituent. The commonly occurring rutile- 
ilmenite mixture is one example. The time required 
for analysis, once the procedure is standardized, is 
of the order of 30 to 45 min. It may be more reliable 
than grain counting in the fine size range and much 
less time-consuming in general. For this specific 
investigation on taconite ores, X-ray diffraction 
proved the existence of goethite and hematite mix- 
tures in what some have called limonite. 


Summary: The mineral content, goethite and 
hematite, was determined in five taconite samples 
from the Wisconsin Gogebic Range by a quantita- 
tive X-ray diffraction method developed by calibra- 
tion of a chart-recording X-ray spectrometer with 
standard samples containing the major minerals of 
the ores. The measured goethite diffraction intensi- 
ties were found to be directly proportional to the 
content of goethite in various mixtures of goethite, 
quartz, and hematite. The measured hematite dif- 
fraction intensities, however, were affected by the 
relative percentages of quaitz and goethite present 
in the mixtures of the three minerals. To deter- 
mine the content of hematite in the samples it was 
therefore necessary to employ a set of curves made 
from standard samples in which the amounts of the 
three constituents were varied. 
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Corrections 


In the December 1954 issue: TP 3900L. Effect of a Variable Surface Layer on Apparent Resistivity 
Data. By Harold M. Mooney. P. 1211, Fig. 6, curves F and G: An anomalous behavior is apparent for 


electrode separations greater than 5 units. 


Detailed work in another connection makes it appear that this 


effect is not real but originated in the integration process. For large electrode separations, curves F and G 
in Fig. 6 should follow the general trends shown in Fig. 5. 


In the December 1954 issue: TP 3931A. Diamond Drilling Problems at Rhokana. By O. B. Bennett. P. 1188, 
column 2, par. 6, should read. Twenty stopers using 80 diamond drills, as well as 45 percussion machines, 
are now employed to break 350,000 tons monthly, whereas 320,000 tons were broken previously by 34 stopers. 

The term stoper as used in this paper refers to a European ganger in charge. These gangers direct crews of 
Africans, usually 12 to 14 in number, who run six machines, either diamond drills or percussion machines. 


In the February 1955 issue: TP 3872L. Geophysical Case History of a Commercial Gravel Deposit. By Rol- 
lyn P. Jacobson. P. 158. Acknowledgment should have been given Washington University, St. Louis, under 
whose auspices the work covered in this article was done. The article represents Mr. Jacobson’s Master’ Ss de- 


gree in geophysics. 
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EXPLANATION 


MB AREA COVERED BY MAGNETIC-7SURVEY| 
OF MAGNETIC ANOMALY 
SURVEYED AREA 
IGNEOUS INTRUSIONS | 
| BALA (AFTER R.M. DREYER) 
2 LEONARDVILLE 
3 STOCKDALE +4 
4 RANDOLPH NO. I 


5 RANDOLPH NO. 2) 


FT. RILEY 
MILITARY 
RESERVATION 


by Kenneth L. Cook 


Fig. 1—Sketch map of Riley County, Kansas, showing areas covered by mag- 


netic surveys and trends of magnetic anomalies. (Base map after Kansas 
State Highway Dept. Location of Abilene anticline after Wallace Lee.) 


HE five serpentine masses exposed within the 

northern half of Riley County, Fig. 1, consti- 
tute a major part of the few exposures of igneous 
rock in Kansas.* Although not many subsurface data 
are available for this part of Riley County,’ six deep 
wells*® indicate that the basement complex lies be- 
tween 2500 and 3000 ft below the earth’s surface. A 
northwestward-trending ridge in the present base- 
ment surface, which extends across the northern 
half of Riley County, is indicated on Mettner’s con- 
tour map.* 

The serpentine masses lie in a region that was 
active during Pennsylvanian and Permian time 
along two main tectonic trends, which may, in part 
at least, have developed contemporaneously.” One 
trend is northeasterly, as evidenced by the Nemaha 
anticline, the Abilene anticline, the Voshell anti- 
cline, and many other smaller northeastward-trend- 
ing folds. The other trend is northwesterly, as evi- 
denced by the central Kansas uplift, the Salina 
basin syncline, and smaller northwestward-trend- 
ing folds. The area of the Abilene anticline was 
actively deformed during much of this time, and 
the present surface rocks, for the most part Permian 
in age, show many normal faults.’ 

The Bala and Leonardville intrusions lie within a 
mile of the axis of the Abilene anticline, Fig. 1, as 


K. L. COOK, Member AIME, is a Geophysicist, U. S. Geological 
Survey and the University of Utah, Salt Lake City. 

Discussion on this paper, TP 4019L, may be sent (2 copies) to 
AIME before July 31, 1955. Manuscript, Aug. 4, 1954. New York 
Meeting, February 1952. 
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mapped by Wallace Lee;* the Randolph No. 1 and 
Randolph No. 2 intrusions lie within about 5 miles 
of the axis; and the Stockdale intrusion lies within 
about 8 miles of the axis. The igneous rocks have 
intruded horizontal or gently dipping limestones 
and shales that are late Permian in age.° The period 
of intrusion, according to Moore and Landes, was 
probably Cretaceous." 

At present a detailed description of the petrogra- 
phy is available for only the Bala intrusion. Moore 
and Haynes’ describe the rock at Bala as a green, 
serpentinized, porphyritic, peridotite breccia con- 
taining inclusions of shale. The ground mass con- 
sists chiefly of serpentine and calcite with consid- 
erable chromite (5 to 10 pet) and some magnetite. 
The phenocrysts consist principally of altered olivine 
with some altered augite and biotite. 

Although probably different in petrographic de- 
tails, all the serpentine masses are somewhat similar 
in that 1) they consist of a dark green, fine-grained 
ground mass of igneous rock containing many xeno- 
liths composed of fragments of the neighboring sed- 
imentary rock; 2) they tend to form small mounds 
on the landscape, thus indicating their greater re- 
sistance to weathering and erosion; and 3) they are 
magnetic. 

Previous Magnetic Survey of the Bala Intrusion: 
To the writer’s knowledge, only the Bala intrusion 
had been surveyed with a magnetometer prior to the 
magnetic surveys discussed in this paper. Dreyer* 
interprets the intrusion as a vertical, eastward- 
plunging dike, on the basis of the results of his 
magnetic survey, Fig. 1, with a vertical magnetom- 
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approximately 1000 ft long and trends approxi- 
mately N. 69° W. Test drilling across the dike con- 
firms that the walls of the dike are vertical. Test 
drilling along the strike of the dike indicates that 
the serpentine mass exposed on the mound forms 
an intrusive neck and that the mass on each side, 
which was not intruded as high, forms shoulders.* 
Instruments and Field Techniques Used in Sur- 
vey: A standard, temperature-compensated Askania 
vertical magnetometer with a sensitivity of 29 gam- 
mas per scale division was used throughout the 
measurements. About 2700 magnetometer stations 
were taken over a total traverse distance of 19 
miles. The traverses were spaced 25 or 50 ft apart 
over and in the vicinity of the serpentine masses 
and 100 to 300 ft apart in bordering areas. The 
magnetometer stations were taken at 20 or 25-ft 
intervals over and in the vicinity of the serpentine 
masses and 50 or 100-ft intervals in bordering areas. 
To obtain the regional magnetic value for the area 
surrounding each serpentine mass, readings were 
generally taken along two or more traverses that 
extend for distances of 1000 to 1500 ft on each side 
of the exposed serpentine mass. Diurnal corrections 
were not applied to the data because of the large 
anomalies obtained, although base stations were 
carefully taken to detect any magnetic storms. 
Theoretical Considerations: Interpretation of the 
vertical magnetic anomalies presented here has 
been facilitated by a study of some of the theoreti- 
cal magnetic anomalies, based on the induction 
theory, that have been computed by Koenigsberger’ 
for ellipsoids of rotation and by Ballarin” and Vac- 
quier and others” for vertical parallelepipeds. For 
example, Fig. 2 shows the theoretical vertical inten- 
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lelepiped of infinite depth extent (Fig. 2a) and of 
finite depth extent (Fig. 2b), in an area where the 
magnetic inclination is assumed to be 65°. As the 
magnetic inclination in Riley County, Kan., is about 
69°, the theoretical anomalies given by Ballarin can 
be used qualitatively as a guide in the interpreta- 
tion of some of the features found on the vertical 
magnetic intensity maps in the surveyed areas in 
Riley County. 

For the vertical parallelepiped of infinite depth 
extent, Fig. 2a, the central positive magnetic high, 
offset to the south of the central axis of the paral- 
lelepiped, is flanked by a negative center in a mag- 
netic north direction and a gentle positive slope 
decreasing to the south. The gradient of the posi- 
tive magnetic contours is much less to the south of 
the body than to the north. The zero contour trends 
roughly east-west in the vicinity of the body, and 
the magnetic trend of the anomaly as a whole is in 
the direction of magnetic north. 

For a vertical parallelepiped with the same hori- 
zontal dimensions and depth of cover as in the pre- 
vious theoretical example, but with a finite depth 
extent of two units, Fig. 2b, the positive high is less 
pronounced and the negative magnetic center more 
pronounced than in the previous example. Though 
somewhat nearer the central axis of the body than 
in the previous case, the magnetic low north of the 
body, Fig. 2b, still lies a distance of about three 
units (i.e., three-fourths of the horizontal dimen- 
tions of the body) north of the north edge of the 
body. The zero contour envelops the body. Though 
not shown on the contour interval used in Fig. 2b, 
some negative contours also envelop the body if a 
smaller contour interval is chosen. At distances of 
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8, 10, 12, and 14 units south of the central axis of 
the body the computed anomalies are —0.36, —0.46, 
—0.42, and —0.26 gammas respectively, if Ballarin’s 
formulas are used. All these values except the last 
are indicated in their proper position in Ives Wop 
Thus a magnetic minimum exists south of the body 
in the vicinity of the —0.46 gamma anomaly. Along 
the magnetic trend between the positive high and 
the zero contour south of the body the gradient of 
the anomaly is much less than the gradient at the 
corresponding location for the infinite body. It 
should be emphasized that the magnetic trend of 
the anomaly as a whole remains in the direction of 
magnetic north, as in the previous case. 

The characteristic feature of a vertical magnetic 
intensity high completely surrounded by a recog- 
nizable negative anomaly can be used in northern 
magnetic latitudes as a criterion of the finite depth 
extent of the main mass causing the anomaly.” For 
a magnetic inclination of 66°, Koenigsberger,’ using 
the induction theory, demonstrates that negative 
contours of vertical magnetic intensity at the earth’s 
surface envelop buried magnetic spheres, oblate 
spheroids, and prolate spheroids. There is general 
agreement in the character of the vertical intensity 
anomalies computed by Ballarin for parallelepipeds 
of finite depth extent and for those computed by 
Koenigsberger for prolate spheroids. 

Vacquier” gives the total magnetic intensity 
anomalies over various vertical parallelepipeds for 
different values of magnetic inclination. The bodies 
are of different sizes and attitudes relative to the 
earth’s magnetic field and are of both finite and infi- 
nite depth extent. For large magnetic inclinations, 
the general character of the total magnetic intensity 


anomalies can be used as an approximate guide in 
the interpretation of vertical magnetic intensity 
anomalies. To the writer’s knowledge, theoretical 
magnetic curves for a dipping cylinder, parallele- 
piped, or spheroid, suitable for use in the interpre- 
tation of some of the observed anomalies presented 
in this paper, have not yet been published. 

In analyses of the type of anomalies given in 
this paper, as well as in general, a serious ambiguity 
in the interpretation often arises because the pro- 
portion of remanent to induced magnetism is not 
known. The greater the degree of remanent mag- 
netization existing in the mass as a whole, the more 
reliance may be placed on the pole and line theory 
of interpretation. Contrariwise, the less the degree 
of remanent magnetism, the more reliance may be 
placed on the induction theory of interpretation. 

The induction theory can probably be used in 
analysis of the anomalies presented in this paper 
for a first-order approximation of existing geologic 
conditions. However, the strong polarization effects 
at the margins of at least one serpentine mass and 
the inverse remanent magnetization effects that 
occur locally within at least one serpentine mass 
impose certain minor limitations on the usefulness 
of this theory that should be considered in any care- 
ful analysis of the magnetic data. 


Results of the Magnetic Surveys 

Randolph No. 1 Intrusion: The Randolph No. 1 
intrusion forms a mound about 10 ft high, Fig. 3a. 
A mantle of soil probably not more than 5 ft thick 
covers the mound, so that few outcrops are to be 
found. Fresh pieces of igenous float found along a 
recently dug contour ditch on the flanks of the 
mound contain a dark magnetic mineral, probably 


Fig. 3a (left) — Topogra- 
phic and geologic outcrop 
map, Randolph No. 1 in- 
trusion. (Topography and 
test trench data after 
Crumpton, USGS.) 


Fig. 3b (right)—Vertical 
magnetic intensity map, 
Randolph No. 1 intrusion. 
Magnetic survey by K. L. 
Cook and C. K. Moss. 
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Fig. 4 (aboye)—Geologic cross-section (after Parish and 
Crumpton) and vertical magnetic intensity profile AA’ over 
Randolph No. 1 intrusion. 


Fig. 5 (right)—Geologic outcrop map and vertical magnetic 
intensity map, Randolph No. 2 intrusion. Note: Limestone 
outcrop at ON-175E (beyond edge of map). Magnetic survey 
by K. L. Cook. 


magnetite or chromite, which occurs both as vein- 
lets in the serpentine mass and as large crystals 
disseminated in variable amounts within the ser- 
pentine mass. The apparently local variations in 
the quantity of magnetic material present in the 
serpentine mass suggests that the magnetic sus- 
ceptibility of the igneous rock is highly variable. 
The contact between the igneous and sedimentary 
rocks at the west and northeast borders of the in- 
trusion was found in 1951 by trenching, see Fig. 
3a, by a Geological Survey field party under F. E. 
Byrne. It was discovered that the sedimentary 
rocks lying at and near the contact in the west 
trench dip about 45° westward away from the in- 
trusive mass and that the same formations in the 
east trench dip about 36° eastward away from the 
intrusive mass, see Fig. 4. The contact is abrupt 
rather than gradational and is apparently vertical 
in the small area exposed in the west and east 
trenches. 

The Randolph No. 1 magnetic anomaly, Fig. 3b, 
is characterized by a strong positive oval-shaped 
high flanked by a gentle positive slope to the south- 
east and a negative center and broad negative area 
to the northwest. The position of the sharp gradi- 
ents that exist at or near the igneous-sedimentary 
rock contact lying immediately below the thin soil 
mantle, especially the position of those at the west- 
ern and eastern margins of the intrusion, indicates 
that the contact at this shallow depth is roughly 
circular or oval-shaped with a diameter of about 
250 ft. Several strong magnetic negative centers, 
too small to be included on the magnetic map at its 
present scale, were found at the surface over the 
interior of the serpentine mass and are probably 
caused by inverse remanent magnetization. Other 
sharp, local anomalies found at the surface within 
the interior are attributed to stringers or veinlets 
of magnetic material or variations in the magnetic 
susceptibility of the serpentine mass. The trend of 
the anomaly as a whole, including both the mag- 
netic negative area to the northwest and the gentle 


484—MINING ENGINEERING, MAY 1955 


= w 
oO o o 
27|26 
SEC. COR 34135 AT 616S-I520E 


100N— 


50 


CONTOUR INTERVAL 500 GAMMAS 
1952 
EXPLANATION 
MAGNETIC TRAVERSES 
MAGNETIC TRAVERSES EXTENDED BEYOND EDGE OF MAP 
MAGNETIC CONTOURS- GAMMAS 


INTERMEDIATE MAGNETIC CONTOURS - 100-GAMMA INT. 
D.H.© DRILL HOLE X PIT 
INTRUSIVE IGNEOUS ROCK 


magnetic positive slope to the southeast, is N 25° W. 

Strong polarization effects were noted at the 
north and northeast margins of the serpentine mass. 
Large negative vertical magnetic intensity readings 
were obtained along traverses 50 N and 75 N in 
places known to be underlain with serpentine im- 
mediately beneath the thin soil mantle. On the 
magnetic profile in Fig. 4 the strong negative center 
of more than 1000 gammas overlying the northeast 
margin of the serpentine probably is caused largely 
by these polarization effects at the edges of the mass. 
The near-surface contacts shown in this diagram 
are known from the trenching work to which previ- 
ous reference was made. Thus the northeastern 
part of the magnetic intensity curve, Fig. 4, crosses 
the axis of abscissas at a point lying over the in- 
terior of the serpentine mass. 

As the magnetic trend of the Randolph No. 1 
anomaly is not in a magnetic north direction, the 
intrusion apparently does not exist in the shape of 
a cylinder or elongated parallelepiped with a verti- 
cal axis. On the basis of the induction theory, the 
south-southeasterly extension of the magnetic posi- 
tive slope suggests that the Randolph No. 1 intrusion 
is possibly a truncated cylindrical or prismatic body 
plunging to the south-southeast. Thus the topo- 
graphic ridge extending southward from the ser- 
pentine mound, Fig. 3a, is possibly an expression of 
a structure in the sedimentary rocks that underlie 
the soil mantle in the area. This structure was 
probably formed by the intrusive mass at depth. 

Randolph No. 2 Intrusion: The Randolph No. 2 
intrusion, lying about three-fifths of a mile north- 
west of the Randolph No. 1 intrusion, Fig. 1, forms 
a small mound on the east flank of a hill capped 
with sedimentary rock. The igneous rock is exposed 
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at the top of the mound and in a shallow pit about 
30 ft east of the top, Fig. 5. A 200-ft churn drill- 
hole, located at 0.00-0.00 at the top of the mound 
and drilled by Charles Ammell, owner of the prop- 
erty, started in igneous rock, passed through about 
40 ft of green igneous rock, and then penetrated 160 
ft of sedimentary rock.* 

A 5-ft cliff of limestone exposed at 0.0N-175E 
(beyond the east edge of the map, Fig. 5) and a 
probable outcrop of limestone at about 0.0N-200W 
(beyond the west edge of the map area, Fig. 5) in- 
dicate that at the surface the igneous rock does not 
extend far to the east or west of the igncous out- 
crops shown in Fig. 5. 

The Randolph No. 2 magnetic anomaly is charac- 
terized by a strong positive center lying over the 
exposed serpentine mass and a negative center lying 
to the north-northwest of the main positive center. 
The horizontal extent of the positive anomaly indi- 
cates that the top of the mass, lying immediately 
beneath the thin soil mantle, probably does not 
exceed 60 ft in the longest horizontal dimension. 
The fact that the negative anomaly completely sur- 
rounds the area of positive anomaly, although the 
negative anomaly is small to the south and east, 
suggests that the depth extent of the main serpen- 
tine mass is small,” see Fig. 2b. 

On the basis of the induction theory the anomaly 
suggests that the Randolph No. 2 intrusion is possi- 
bly a south-southeasterly plunging, fingerlike pipe. 
The fact that the drillhole penetrated the serpentine 


mass supports the possibility of a south-southeast- 
erly plunge. At surface the pipe is probably roughly 
circular with a longest horizontal dimension not ex- 
ceeding 60 ft. Though the main serpentine mass is 
apparently of finite depth, the magnetic data do not 
preclude the possibility that a small igneous feeder 
may extend to great depth. 

It is doubtful that the Randolph No. 1 and Ran- 
dolph No. 2 intrusions connect at depth unless it be 
at a depth of more than 500 ft. Although traverses 
0.0E and 500N on the Randolph No. 1 grid, see Fig. 
3b, were extended to 2000N and 1500W respectively, 
no anomaly suggestive of a near-surface connecting 
dike or vein between Randolph No. 1 and Randolph 
No. 2 was found. 

Stockdale Intrusion: The Stockdale intrusion is 
exposed in a stream bed so that the longest dimen- 
sion of the exposure is approximately 140 ft, see 
Fig. 6a. A few isolated exposures of the serpentine 
mass are found within 30 ft of the main exposed 
mass. Exposures of sedimentary rocks in stream 
beds are found about 350 ft northeast and 220 ft 
south, respectively, of the main exposure. The con- 
tact of the igneous and sedimentary rocks is not ex- 
posed. Unlike the other serpentine masses, the 
Stockdale intrusion does not form a mound. 

The Stockdale magnetic anomaly, Fig. 6b, is sim- 
ilar to the Randolph No. 1 anomaly and is charac- 
terized by a strong positive area flanked by a broad 
negative area to the northwest and a gentle positive 
slope to the southeast. The area of strong positive 
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Fig. 6a (left)—Topogra- 
phic and geologic outcrop 
map, Stockdale intrusion. 
(Topography after M. E. 
Davis and C. L. Harr, 
USGS.) 


Fig. 6b (right)—Vertical 
magnetic intensity map, 
Stockdale intrusion. Mag- 
netic survey by K. L. Cook 
and C. K. Moss. 
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geologic outcrop map, 
Leonardville intrusion. (To- 
pography after M. E. Davis 
and H. Holt, USGS.) 


anomaly, defined roughly as the area lying within 
the +1000 gamma contour, extends with north- 
westerly trend for about 350 ft in length and about 
250 ft in width at its widest part. The magnetic 
peaks and valleys found at the surface over the in- 
terior of the serpentine mass are probably caused 
by variations in the magnetic susceptibility and by 
stringers or veinlets of magnetic material. The 
occurrence of such sharp magnetic breaks or re- 
versals over small horizontal distances testifies to 
proximity of the serpentine mass to the surface 
within the general area of the strong positive 
anomaly. 

Near the surface the serpentine mass probably 
extends to the southeast, east, and north of the out- 
crops. The near-surface margin of the intrusion is 
probably outlined roughly by the zone of sharp 
magnetic gradient in the vicinity of the +1000 
gamma contour. The narrowing of the positive 
magnetic anomaly in the area north of traverse 
0.0N suggests a possible near-surface narrowing of 
the serpentine mass in either its width, depth ex- 
tent, or both, in this area. 

The general trend of the anomaly, including both 
the magnetic negative area to the northwest and the 
gentle magnetic positive slope to the southeast, is 
N 33° W. As the trend is not in a magnetic north 
direction, the intrusion apparently does not exist in 
the shape of a cylinder or elongated parallelepiped 
with a vertical axis. On the basis of the induction 
theory, the Stockdale intrusion is possibly a paral- 
lelepiped-shaped body plunging south-southeast. 

Although a mound has not yet formed over the 
serpentine mass, the gullying near the west and 
northeast margins of the intrusion suggests that the 
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serpentine mass partly controls the present erosional 
pattern. 

Leonardville Intrusion: Only two small expo- 
sures of igneous rock are found within the area of 
the Leonardville intrusion. Both lie near the origin 
of the magnetometer grid on top of a mound that 
extends to the east-southeast, as a low ridge, for a 
distance of about 800 ft, Fig. 7a. No outcrops of 
sedimentary rock were observed within the limits 
of the surveyed area. 

The Leonardville magnetic anomaly, Fig. 7b, 
which is the most extensive anomaly found during 
the surveys, is characterized by two strong positive 
areas, which will be designated the north anomaly 
and south anomaly, respectively, and a broad nega- 
tive area flanking most of the north anomaly and 
the northeastern part of the south anomaly. The 
two anomalies extend over a total distance of about 
1700 ft along a N 53° W trend. 

The north anomaly, which is slightly elongated in 
a northwesterly direction, is about 600 ft in length 
and 500 ft maximum width. The serpentine mass 
probably hes immediately beneath the soil mantle 
throughout the main part of the north anomaly, the 
near-surface margin of the intrusion probably be- 
ing outlined roughly by the zone of sharp magnetic 
gradient near the +1000 gamma contour. The sharp 
magnetic peaks and valleys found at the surface 
over the interior of the serpentine mass testify to 
the shallow depth of the mass in this central area. 

The north end of the serpentine mass apparently 
exhibits a bifurcation. The small magnetic nose at 
225N-400W and the accompanying small negative 
center lying immediately northwest of the nose in- 
dicate that in this area a small near-surface finger 
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or vein of igneous rock extends in a northwesterly 
direction away from the main serpentine mass. A 
larger magnetic ridge at 350N-225W extending 
north-northwestward indicates that at depth in this 
area the main part of the serpentine mass extends 
in this direction. On the basis of the induction 
theory, the north near-surface margin of the ser- 
pentine mass is probably south of the broad, nega- 
tive 500 gamma center that lies north of this ridge, 
see Fig. 2a. 

Along magnetic profile FF’, see Fig. 8a, taken 
perpendicular to the main magnetic trend, the over- 
all symmetry of the curve and the absence of any 
appreciable minima, except on the northeast flank, 
indicate that the side walls of the intrusion, parallel 
to the magnetic trend, are probably vertical or 
steeply dipping and that the depth extent of the in- 
trusion is probably great. The magnetic low in the 
northeastern part of the profile is probably caused 
by the transverse magnetization effect.” 

In the southeastern part of the north anomaly, a 
conspicuous narrowing of the magnetic contours in- 
dicates a possible narrowing of the serpentine mass 
near the surface in this area. By narrowing in this 
manner, the north anomaly attains a width approxi- 
mately equal to that of the northern part of the 
south anomaly. 

The south anomaly, about 700 ft long, trends 
northwesterly. Its character is sufficiently regular 
so that rough quantitative estimates of some of its 
dimensions can be made by using the induction 
theory for a dike. A few theoretical profiles, based 
on the standard assumptions and formulas for 
dikes,* were calculated and compared with profile 
GG’, see Fig. 8b, which is taken perpendicular to 
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tne main magnetic trend. For an assumed magnetic 
susceptibility excess of 0.013 cgs, a moderately good 
fit of the theoretical and observed curves is obtained 
for a rectangular-shaped, vertical dike of infinite 
length, infinite depth extent, 100 ft width, and 50 ft 
depth of cover.* The assumed susceptibility is rea- 


* A somewhat closer fit of the observed and theoretical curves 
could probably be obtained by computing additional theoretical 
curves, but this was not done, as only the order of magnitude of 
the dimensions was desired. 


sonably close to the maximum value of 0.008 cgs 
given by Holmes” for the serpentine pipes and dikes 
that occur in the central Ozarks. Because the dike 
strikes northwest, the small negative magnetic 
center on the northeast side of the profile is prob- 
ably caused by the transverse magnetization effect. 

In the area lying in the direction of elongation 
southeast of 550S-700E, the southeasterly trend of 
the south anomaly is maintained, but the abrupt de- 
crease in its magnitude suggests that the shoulder 
of the serpentine mass probably slopes steeply to 
the southeast in this area. 

The narrower width and steeper gradients along 
the northern part of the south anomaly indicate that 
in this area the dike is probably both narrower and 
shallower than in the area of profile GG’. At the 
north end of the south anomaly the marked change 
in trend of the positive anomaly from northwest to 
north indicates that the dike probably bends to the 
north in this area. Near the surface in this area the 
dike apparently does not extend very far north of 
traverse 1255S. 

The absence of any significant anomaly, either 
positive or negative, between the north anomaly 
and south anomaly indicates that this area is prob- 
ably barren of serpentine at shallow depth. It is 
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conceivable, however, that at moderate depth of 
perhaps a few hundred feet the two main serpen- 
tine masses are continuous, and the writer favors 
this interpretation. It is not known whether the 
present near-surface separation of the two main 
serpentine masses was caused merely by a vagary 
of the intrusion process or by faulting. The bending 
of the dike at the north end of the south anomaly 
tends to support the proposition that movement 
along a northward or northeastward-trending fault 
has separated a former single serpentine mass into 
two separate masses near the surface. 

Thus the Leonardville intrusion is interpreted as 
a northwesterly trending, vertical or steeply dip- 
ping dike that is more than 1700 ft long and locally 
up to 500 ft wide. Interrupted by nonmagnetic rock 
near the surface for a short distance in its central 
part, the dike is probably continuous at depth. The 
northern part is wider and shallower than the 
southern part. The dike apparently bifurcates at 
the northernmost part. Along the direction of elon- 
gation in the southeastern part of the south anomaly, 
the extreme southeast shoulder or flank of the ser- 
pentine mass probably slopes steeply southeast. 

The southeasterly trending dike apparently has 
controlled to some extent the present erosional pat- 
tern in the vicinity of the dike. In the southeastern 
part of the surveyed area the low northwesterly 
trending ridge is essentially parallel to the dike, 
although it is offset about 150 ft to the north of the 
dike. Moreover, the broad topographic nose at the 
northwesterly end of this ridge is formed by the 
serpentine mass. 

Regional Implications: It has been shown that as 
a consequence of stresses produced by uplift, frac- 
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Fig. 8—(a) Vertical magnetic intensity profile FF’ over nor- 
thern part of Leonardyille intrusion; (b) comparison of ob- 
served vertical magnetic intensity profile GG’ over southern 
part of Leonardyille intrusion and theoretical vertical mag- 
netic intensity profile over two-dimensional dike. 
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turing can be transverse to the axis of an anticline 
along its axial part” and that fracturing can be 
diagonal to the axis on the flanks of the anticline.” * 
The confinement of dikes to master joints or frac- 
tures in some localities has been established,” and it 
is here suggested that the igneous masses in Riley 
County may be intruded along such joints. 

The trends of the Bala and Leonardville intru- 
sions, both of which are within a mile of the axis of 
the Abilene anticline, are nearly perpendicular to 
the axis, Fig. 1. The trends of the Randolph No. 1, 
Randolph No. 2, and Stockdale intrusions, lying on 
the flanks about 5 to 8 miles from the axis, are at an 
angle of approximately 45° to the axis of the anti- 
cline, Fig. 1. It seems possible that these intrusions 
may have been controlled by sets of joints such as 
those described by King” and Maxson,” although it 
is mere speculation that such a fracture pattern was 
developed as a consequence of stresses attending the 
formation of the Abilene anticline. Chelikowsky” 
suggests that the rotation of trends of joints in the 
general area of the Abilene anticline is due to strike- 
slip movement at depth in the basement complex. 
However, this process does not appear necessary to 
produce the observed differences in trends of the 
igneous masses. Additional mapping of the joint 
trends in the area is reported to be in progress.* 
When more joint data are available, a more detailed 
analysis of the significance of the trends of the in- 
trusions will probably be possible. 
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Use of Autoclaves and Flash Heat Exchangers 
At Beaverlodge 


by R. W. Mancantelli and J. R. Woodward 


N 1947 a large low grade deposit of uranium was 

located in the northwest corner of Saskatchewan, 
in the Beaverlodge property of Eldorado Mining & 
Refining Ltd. Most of the values occur as thin 
seams and as coatings on other minerals, and the 
ore, which is light and friable, is not amenable to 
the usual gravity methods of concentration. The 
acid leaching process developed to retreat the com- 
pany’s Port Radium tailings was also impractical, 
as the percentage of carbonates is high and the per- 
centage of sulphides relatively low. 

Construction of the mill building and installation 
of equipment, both scheduled for 1952, awaited 
selection of a satisfactory ore dressing process on 
or before Oct. 1, 1951. An extensive research program 
on dressing of ores from the Ace mine therefore was 
undertaken by the Mines Branch in Ottawa, a re- 
search team at the University of British Columbia, 


R. W. MANCANTELLI and J. R. WOODWARD are Mill Superin- 
tendent and Assistant Mill Superintendent, respectively, Beaverlodge 
Operation, Eldorado Mining & Refining Ltd., Saskatchewan, Canada. 

Discussion of this paper, TP 4038BD, may be sent, 2 copies, to 
AIME by Aug. 31, 1955. Manuscript, Oct. 25, 1954. Chicago Meet- 
ing, February 1955. 
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and an ore dressing group at the company’s Port 
Hope refinery. 

Pilot plant operations were conducted at the Ot- 
tawa plant of Sherritt Gordon Mines Ltd. under the 
general direction of C. S. Parsons, consultant on 
metallurgy and ore dressing for Eldorado. In mid- 
September, having compared results of the several 
research programs, Dr. Parsons recommended a 
process employing a carbonate or basic leach. He 
reported that, while the chemistry of the process 
had been proved, engineering of the flowsheet was 
incomplete, and he suggested that under normal 
conditions further pilot plant work at the Ace mine 
might be profitable. However, since this would in- 
volve a delay of 12 to 18 months in bringing the 
property into operation, he recommended that de- 
sign of the concentrator proceed immediately. 

Concentrator capacity was determined by two 
considerations: 1) the amount of ore then available 
and 2) the expectation that continued improve- 
ments would be made in the ore dressing process 
as a result of the intensive research being carried 
out by the Mines Branch of the Department of 
Mines and Technical Surveys. As these improve- 
ments could affect both the chemistry and the en- 


JUNE 1955, MINING ENGINEERING—557 


This page of Mining Tansactions AIME follows p. 488. The inter- 
vening non-Transactions pages appeared in Mining Engineering. 


| { 


FORMULAS 


B) + %O, +9Na.CO, + S 
3Na,UO.(CO;); + 6NaOH 


C) 4FeS, + 150, + 16Na,CO, + 14H,0 > 
4Fe(OH), + 8Na.SO, + 16NaHCO, 


D) NaHCO, + NaOH > Na.CO; + H,O 


E) Na,UO.(CO;). + 4NaOH > 
Na,UO,ppe + 3Na.CO; + 2H,O 


2Na,U0.(COs;)s + 6NaOH > 
Na.U.O,ppe + 6Na.CO; + 3H.O 


G) Na.CO,; + CO, + H.O ~ 2NaHCO, 


Fig. 1—Chemical reactions necessary to extract and precipitate the 
uranium are listed. Details of the chemistry haye been published.* 


gineering of the flowsheet, it seemed unwise to 
provide milling capacity beyond the immediate re- 
quirements. The decision was made, therefore, to 
start construction of a concentrator at once. 


Mineralogy 

The ore is a red-brown granitic rock consisting 
mostly of feldspar densely impregnated with hema- 
tite. The granite, or aplite, has been severely frac- 
tured, and the fractures are filled with veins of 
calcite, chlorite, quartz, and pitchblende. In order 
of abundance, the opaque minerals are hematite, 
pyrite, pitchblende, chalcopyrite, galena, and trace 
amounts of five or six others. 

Ore minerals occur in relatively narrow veins 
and stringers or in local disseminations in the host 
rocks. When examined under the microscope, speci- 


mens of what appear to be massive pitchblende up 
to 1 in. wide are found to be heavily contaminated 
with gangue and other minerals. The main con- 
centrations of pitchblende are usually found in 
veins in calcite or chlorite, with some in the neigh- 
boring host rocks. 


Chemistry of the Process and Mill Flowsheet 

The process consists briefly of grinding the ore to 
liberate the uranium minerals, dissolving the ura- 
nium in sodium carbonate, separating liquids from 
solids, and precipitating uranium from solution by 
sodium hydroxide. Fig. 1 lists several of the chemi- 
cal reactions necessary to extract and precipitate the 
uranium. Details of the chemistry, which are well 
known, have been published.’ 

Except that autoclaves are used for the leaching 
instead of the conventional agitators, see Fig. 2, the 
flowsheet resembles that of a simple cyanide plant. 
The ore is crushed underground, hoisted to an ore 
pass at surface level, and conveyed to the mill 
crushing plant. The mill crusher consists of a 
Symons standard and a Symons short head in 
closed circuit with Denver-Dillon screens fitted 
with 4x%% in. slots. Grinding to 78 pct —200 mesh 
is done in two Allis-Chalmers ball mills in closed 
circuit with Akens classifiers. 

After primary thickening, leaching takes place in 
the autoclaves, which are run at 220°F and 80 to 
90 psig. To save heat, an exchange system is used 
between the pulp entering and the pulp leaving 
the autoclaves. 

The cooled pulp from the autoclaves is pumped 
to two Dorr washing thickeners in parallel, and 
thickener underflow is filtered on Northern Foundry 
filters with a water spray displacement wash. Preg- 
nant solution from the top of the washing thick- 
eners is clarified and precipitated with strong caus- 
tic in stirred tanks. Precipitate goes to filter presses 
and is then dried and packed for shipment. The 
barren solution, which is strong caustic, is carbon- 
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F) 2NaOH + CO,—> Na,CO, + H,O 
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Fig. 3—Diagram shows action of the Beaverlodge autoclaves where 
dissolution of the uranium takes place. 


ated with boiler flue gases in an absorption tower 
before being recirculated to the process. 


Autoclaves 

With a few exceptions such as the autoclaves and 
heat exchangers, the standard equipment found in 
any gold or base metal plant is used in the mill. 
The autoclaves, where dissolution of the uranium 
takes place, are tanks 25 ft long by 8 ft in diam, 
insulated with 3 in. of fiber glass. Their long axis 
is in a horizontal position. 

Each tank is equipped with three turbomixers. 
The two end mixers, with 42-in. impellers running 
at 62 rpm, are used to keep the pulp in suspension. 
The center mixer, equipped with a hood ring and a 
27-in. impeller running at 140 rpm, is used to mix 
air thoroughly with the pulp. Each mixer is driven 
by 10 hp, or 30 hp per autoclave. 

At present the autoclaves, Fig. 3, are operated at 
80 psig and 230°F. Head room of 20 pct is allowed 
for circulation of the necessary air at 1000 cfm, 
three to five times the stoichiometric amount of 
oxygen needed. Two parallel banks of autoclaves 
are mounted on an 8° slope to provide flow by 
gravity from one to the next. 

Formerly autoclaves were equipped with 1.6 pct 
manganese steel removable erosion plates fastened 
to the lower half of the vessel, but these were re- 
moved when it was found that erosion was negligi- 
ble. In a few instances some local pitting corrosion 
was observed on the steel shell behind the erosion 


plates. This may have been caused by a local con- 
centration cell, such as might be found under a 
deposit of sulphides. 

It was anticipated that there would be trouble 
with packing glands of the turbomixers operating 
under pressure and temperature, but fortunately 
this has not developed. The impellers used for agi- 
tation have not shown the expected wear, although 
metal has been lost at and near the outer edges. 

General Corrosion in Autoclaves: Although some 
general attack has taken place on the autoclaves, it 
is not enough to be considered significant. Below 
the liquid line, attack by leach solution is negligible. 
Pulp deposits below the liquid line do not give 
much difficulty except in such restricted areas as 
those behind erosion plates. Above the liquid line, 
the vapor is in contact with an air-vapor mixture 
(74 psi air and 21 psi steam at 220°F). Some CO, 
is also present in the vapor phase originating from 
the air (300 ppm) and from decomposition of the 
sodium bicarbonate. 


2NaHCO; > Na.CO, + CO, + H.O 


Over a period of years the rust which sometimes 
attacks the steel exposed to the vapor phase may 
cause some loss in wall thickness. Drainage lines 
are observed when autoclaves are inspected. 

Pitting Corrosion: The severe pitting on steel at 
the liquid line, sometimes extending above the line 
as high as 12 to 14 in., is invariably associated with 
pulp splash. It is believed that the driving force 
of the corrosion cell is caused by what is known 
to corrosion technologists as differential aeration. 
Briefly, it is postulated that the oxide film on steel 
is not repaired by oxygen from the air because of 
the limited supply available under a pulp splash. 
Ferrous ions enter the pulp at such weak spots 
(anodes) and hydrogen forms at the local cathodes 
at the edges of the splash. Oxygen removes the 
hydrogen (depolarization) and the action continues. 

Most severe pitting is that associated with a sul- 
phide-rich froth that floats on the surface of the 
ore stream and clings at certain areas to the walls 
of the autoclave. The froth has been shown to con- 
tain sulphides, graphite, and ferric and cupric ions, 
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all of which promote the action of the corrosion cell 
mentioned previously. 

Other factors which may affect the pitting attack 
are the buildup of sodium sulphate and the pres- 
ence of chlorides. Only traces of chlorides are 
found in the Eldorado solutions. 

The problem of corrosion, which was turned over 
to Battelle Memorial Institute for study, resolved 
itself into three phases: 1) to find some means of 
keeping the present tanks on stream, 2) to find a 
material suitable for building future autoclaves, 
and 3) to determine the basic cause of corrosion. 
Research on all three phases is proceeding with 
some success. At the same time a routine program 
of inspection and repair is being carried out. 


Flash Heat Exchangers 


When the plant was designed, it was generally 
agreed that the normal tubular heat exchangers 
could not be employed to transfer heat from one 
abrasive viscous pulp to another. Because it was 
thought that the pulp at 55 pct solids would soon 
plug the small-diameter tubes and wear out the 
thin tube walls necessary to effective heat transfer, 
the flash heat exchangers described subsequently 
were substituted, see also Figs. 4 and 5. In the light 
of further experience, tube heat exchangers are now 
being tried and first results are promising. These 
units will be the subject of a later article. 

The Beaverlodge flash heat exchanger has four 
identical stages, each consisting of one flash tank 
and one condenser. The eight tanks in the system 
are 2 ft in diam and 8% ft high. The four flash 
tanks are used to draw heat from the hot pulp 
leaving the autoclaves, and the other four tanks, 
interchangeable and of similar design, condense the 
hot vapor and pass the heat into the cold pulp en- 
tering the autoclaves. Auxiliary equipment consists 
of pumps, control valves, and surge tanks. 

The transfer of heat from the flash tanks to the 
condensers is accomplished by the creation of a 
vacuum by the condenser. This occurs when the 


<— 220°F CONTAININ TO 
ABOVE 18.7 x 107 BTU 
7, 
FLASH TANKS BTU CONDENSERS 
19.9x10" BTU 16.2x10" BTU 
25x10" BTU 
17.4 x10" BTU 13,7 x 10" BTU 
2.510" BTU 
14.9x 107 BTU 1.2 x10" BTU 
2.5x10" BTU 
7 
24x10 BTU~S 8.7 x10" BTU 
PULP TO PULP FROM PRIMARY 
SECONDARY THICKENERS THICKENER UNOERFLOW 


Fig. 5—Designed heat balance in the flash heat exchanges calls for 
25°F temperature drops for each successive stage. 
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heat-carrying vapor liquifies on the relatively cold 
pulp in these tanks. The vacuum lowers the boiling 
point of the pulp, and because of the latent heat of 
vaporization a large amount of heat is transferred 
from the flash tanks to the condensers in a rela- 
tively small amount of vapor. 

In its simplest form the exchanger is a combina- 
tion of flash tank and condenser. The condenser 
creates the required vacuum, while a steam jet air 
ejector eliminates the noncondensible gases to main- 
tain the vacuum. Without the ejector, the gases 
would collect, eventually fill the condenser, and 
prevent heat exchange. 

Because of expected wear, the vessels are heavily 
protected with liners and splash plates, and all in- 
ternal parts are readily removable. A whole vessel 
can be disconnected from the circuit and replaced 
with an extra tank kept for emergencies, and parts 
can be replaced quickly. 

The pulp is pumped through the center pipe, see 
Fig. 4, and impinged against the underside of the 
top splash plate so that an umbrella film is pro- 
duced. The outer circumference of the umbrella is 
the wall liner of the vessel. The pulp runs down 
in a thin film to a baffle or cone where it is brought 
to the center of the tank to fall on another splash 
plate, from whence it drops into the well of pulp 
maintained at the bottom of the vessel. The thin 
film of pulp is maintained for easy relief of vapor 
and carried over to the other part of the unit, 
where it condenses on the surface of the cold pulp 
cascading down the condenser. 

The design called for pulp to leave the autoclaves 
at 220°F, to drop to 195°F in the first stage of the 
flash tanks. At 500 tons per day and 55 pct solids, 
this means that 2.5x10’ Btu per day have been flashed 
off in the first stage, see Fig. 5. The pulp will drop an 
additional 25°F in each successive stage, i.e., from 
195° to 170° to 145° to 120°F, which is the temper- 
ature of the pulp entering the secondary thickeners. 

On the condenser tank side of the heat ex- 
changer, the pulp from the primary thickener un- 
derflow, at a temperature of about 85°F, will be 
stepped up to 110°F by the 2.5x10° Btu flowing over 
from the flash tanks in the first stage. It will be 
stepped up by 25° increments to 185°F by the time 
it leaves the last stage. Plant practice has con- 
firmed these figures, and the performance of the ex- 
changers matches the design figures almost exactly. 


Autoclave Feed System 

From the surge tank immediately after the con- 
denser side of the flash heat exchangers, the heated 
pulp is passed through centrifugal pumps in series 
to build up sufficient pressure to feed the auto- 
claves. There are four heavy duty 5x4 SRL-C 
pumps provided for this service, two of which are 
used to feed both lines of the autoclaves. The other 
two pumps are spare equipment. 

The pumps do an exceptional job. Betause these 
pumps are rubber-lined, their suppliers would not 
guarantee satisfactory service when pulp was 
pumped at a temperature over 180°F, but even at 
temperatures up to 210°F they have given excel- 
lent performance—except for one condition: it has 
been found that for operation under such conditions 
the amount of gland solution used is high, causing 
excessive dilution in the autoclaves and thus cut- 
ting down the retention time. If this excessive dilu- 
tion from gland solution could be eliminated, 
performance of the pump would be perfect. 

The pumps discharge through separate flow con- 
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trollers and control valves to the two lines of auto- 
claves. Each flow controller is a Fischer & Porter 
Ratosleeve Flowrator meter connected to a Fischer 
& Porter Magnabond pneumatic transmitter which 
operates a Fischer & Porter controller which con- 
trols a Mason-Neilan No. 737 control valve on the 
pump discharge. 

When the flow controllers are set at any desired 
rate, all other float controllers, e.g., on autoclave 
discharge, will reset their rate automatically to 
feed the same quantity. Sometimes lag results, but 
not for longer than it takes to stabilize the flow 
through the autoclaves. 


Control Valves 
There are altogether 14 control valves handling 
flow through the flash heat exchangers, through the 
autoclaves, and from the discharge of the auto- 
claves, and these gave considerable trouble when 
the plant was started. The valves, all of the Mason- 
Neilan No. 737 diaphragm control type, had to oper- 


ate under pressure drops of 80 to 100 lb. Plugs and 
seats of many different types were tried, but none 
stood up to the terrific duty until plugs and seats 
equipped with tungsten carbide inserts were used. 
Although these are very expensive, they have 
lasted well under the abrasive pulp. Previously 
control valves sometimes wore out after only 20 hr 
of service, but some of the tungsten carbide seats 
and plugs have seen over a year of service to date. 
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Technical Note 


Comminution as a Chemical Reaction 


by A. M. Gaudin 


T is only in recent years that substantial progress 

has been made in developing a physico-chemical 
picture of the solid state. The molecular concept, so 
useful in dealing with gases, was naturally carried 
over to the field of crystalline solids; it has resulted 
in the firm implanting of erroneous concepts that 
only now are being eradicated successfully. Two 
simply written and effective books on the subject 
are Crystal Chemistry by Stillwell’ and An Introduc- 
tion to Crystal Chemistry by Evans.” A more com- 
plete treatment of the subject is available in a book 
by Wells. The monograph by Hiickel* also touches 
on a subject most easily perceived by reference to 
the brief introduction by Bragg,’ that master of the 
field. These texts make it clear that while some 
solids are built of molecules, many are built of ions, 
others of atoms connected in the form of giant mole- 
cules, and still others of cations and electrons. The 
various lattices in which these entities are system- 
atically arranged, the joint use of several of these 
entities, and the transitional character of some of the 
bonds make for the great variety of crystalline solids. 

The purpose of this paper is to point out a most 
important corollary of present views on the struc- 
ture of solids. In this connection the classification of 
solids in Table I is helpful. 

Atomic crystals are those formed by the noble 
gases, e.g., helium and argon. They are soft, sub- 
lime at very low temperature, of very low specific 
gravities, and not encountered in ores. 

Molecular crystals are uncommon among inor- 
ganic materials, common among organic materials. 
Typical examples from both inorganic and organic 
fields are sulphur, iodine, naphthalene, benzene, and 
carbon tetrachloride. These crystals are soft and 
have low specific gravities; where the molecules are 
small, the sublimation temperature is low. 
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Filament and sheet crystals are rare. They are 
typified by elemental selenium and elemental arse- 
nic, respectively. Graphite and molybdenite come 
near being sheet crystals. These crystals are soft in 
some directions, tough in others, sublime at various 
temperatures. 

Diamantine crystals, typified by diamond, are very 
few in number, stable at high temperatures, and ex- 
tremely hard. 


Table I. Classification of Crystals 


Type Description Crystal 

1 Uncharged single atoms, sharing no electrons Atomic 

2 Uncharged groups of atoms sharing electrons 
within the group, but not between 
a) groups finite in all dimensions Molecular 
b) groups infinite in one dimension Filament 
c) groups infinite in two dimensions Sheet 
d) groups infinite in all dimensions Diamantine 


Charged single atoms, sharing no electrons Simple ionic 
Charged groups of atoms, electrons being shared 
within the groups, but not between groups, 

the arrangement being such that 
a) structures of zero dimension are formed 
b) linear structures are formed 
ec) planar structures are formed 
da) block structures are formed 
5 Positively charged atoms permeated by an 
electron gas 


Complex ionic 
Fiber 

Layer 
Framework 
Metallic 


Ionic crystals are common. Most salts, acids, and 
alkalies belong in the two classes of ionic crystals; 
examples are rock salt, fluorite, calcite, and angle- 
site. The salts, acids, and alkalies that do not belong 
in these classes are more properly regarded as trans- 
itional between ionic crystals, framework crystals, 
and diamantine crystals, e.g., ice and quartz. 

Fiber crystals are relatively uncommon mineral- 
ogically speaking, but common in the fields of living 
processes. Examples are asbestos, silk, cellulose, and 
wool. Many fiber crystals are so little known even 
now that their crystallinity may be doubted. 

Layer crystals, among the more interesting and 
useful of solids, include a wide variety of substances 
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that differ greatly from each other according to the 
structural cause of the layering. They include many 
organic compounds such as fatty acids, fatty alco- 
hols, and amines, sheet silicates such as micas and 
clay minerals, as well as a few inorganic solids such 
as boric acid. 

Framework crystals are common in the field of 
mineralogy (many silicates). 

Metallic crystals, which complete the roster of 
crystalline solids, include all metals. 

Like all classifications, Table I is idealized in that 
it does not bring out the many instances of transi- 
tional structures. It is not practicable to discuss these 
structures without expanding considerably the scope 
of this essay, but their existence and importance 
might well be underscored. 

It is clear that the classification of crystals pre- 
sented in Table I is based on one or on a combina- 
tion of the following types of association: 1) juxta- 
position of uncharged atoms; 2) juxtaposition of ions 
—electrovalent bond; 3) pooling of electrons by 
atoms—covalent bond; and 4) juxtaposition of 
cations and electrons. 

Leaving out of consideration the fourth arrange- 
ment, which is represented only in metals, it is clear 
that the other three types in their various permuta- 
tions, combinations, and gradations can result in 
great variety of properties. The first arrangement, 
which utilizes only so-called residual or van der 
Waals’ forces, may well be regarded as nonchemical 
or as physical, while the other two, which utilize 
much stronger forces, can well be viewed as chemical. 

For the purpose of this discussion, a chemical act 
will be defined as the rupturing of a covalent bond, 
or of an electrovalent bond and/or the formation of 
a new electrovalent or covalent bond. This definition 
includes, of course, such familiar processes as meta- 
thesis and chemosorption, as well as certain forms of 
distillation, condensation, melting, and dissolution. It 
does not include other familiar processes such as 
physical adsorption and certain forms of distillation, 
condensation, melting, and dissolution. 

It may seem strange to consider distillation as es- 
sentially different in sundry cases, but contrast, for 
instance, the sublimation of benzene to that of dia- 
mond. In the first instance, unaltered C,H, molecules 
pass from the crystalline to the gaseous state, while 
in the second instance individual, highly reactive 
carbon atoms are to be emitted. 

Likewise, comminution which may appear at first 
to be the same process in all cases may really in- 
volve the parting of atoms that are connected in one 
of the ways described above. Where comminution 
connotes the severance of an ionic bond or of a cova- 
lent bond, a chemical reaction has taken place. Ap- 
parently comminution of Type 5 solids is virtually 
unrealizable. 

What is still more significant is that the atoms at 
the new surface had been attached before and must 
seek new attachments at the earliest opportunity. In 
other words, the surfaces produced by comminution 
breaking across a crystal are extremely reactive, and 
this reactivity is extremely localized. At the moment 
of its formation, a bit of new surface in an erstwhile 
ionic or covalent crystal (e.g., types 2d, 3, 4a, 4d) 
must be a free radical in the sense in which the term 


in used in organic chemistry. Conversely, new sur- 
face formed in layer, fiber, sheet, and filament crys- 
tals may fail to have the properties of a free radical 
provided the plane of fracture separates atoms pre- 
viously held to each other by residual forces only, 
and molecular crystals must fail to yield free radical 
surfaces. 

Comminution in vacuo leads to production of sur- 
faces whose reactivity can be satisfied only by re- 
attachment of fragments to each other. Except in the 
case of extremely fine fragments (a very few atomic 
diameters in size) the probability of a mutual fit of 
the fragments is remote, and widespread occurrence 
of cold welding should not be anticipated. In the case 
of extremely fine fragments, cold welding possibly 
plays some part. This perhaps sets a limit to the 
abundance of extremely fine particles in a com- 
minuted product. 

Comminution in an inert gas probably differs from 
the idealized case just mentioned because of physical 
adsorption of gas molecules on the new surfaces, but 
this is not known. 

In a reactive gas, such as moist air, it may be be- 
lieved that the physical adsorption of water is prob- 
ably immediately followed by chemosorption of ions 
from the water. The situation is then similar to that 
which arises as a solid is comminuted in water, in 
that the fresh surfaces are fresh no longer. This 
chemosorption of hydrogen and hydroxyl ions in- 
volves relatively large thermal effects. Any attempt 
at measuring the efficiency of comminution by pro- 
cedures involving thermal changes should take into 
account the necessity for complete dehydration of 
the grinding atmosphere. It may even be necessary 
to conduct the measurements in a high vacuum. 

If the chemosorption of hydrogen and hydroxyl 
ions on freshly broken surfaces is conceded, it goes 
without saying that the chemosorption of other ions 
must be conceded, whether these ions are intention- 
ally added, as, for example, flotation agents, or un- 
intentionally provided by the substance of the grind- 
ing machine, for example, ferrous ions, or whether 
these ions are provided by other solids that are being 
broken simultaneously. It will thus be clear that a 
large train of consequences flows from the initial ap- 
praisal of comminution as a chemical reaction—a 
train of consequences of great practical importance 
in chemical and metallurgical engineering. 

Almost no work has been done in this field, largely 
because practice has been to grind in a water slurry 
or in air. Yet it would seem that the field has much 
to offer both in fundamental and applied areas. The 
pioneer who will study comminution of crystals of 
various types in a fluid of controlled composition or 
in a vacuum and.who will correlate the various 
effects obtained -with the crystal structure of the 
solid and the chemical attributes of the fluid is 
bound to find many interesting and useful data. 
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The Petrographic Composition of Two Alabama 


Whole Coals Compared to the Composition 


Of Their Size and Density Fractions 


by Reynold Q. Shotts 


HEMICAL methods, based on the relative rates 
of oxidation of fusain, bright coal, and dull coal 
by nitric acid, have been devised to determine these 
coal components.** Results obtained by oxidation 
methods for fusain have been checked against re- 
sults obtained from microscopic methods” * on dupli- 
cate samples of the same coals, but to the author’s 
knowledge this has not been done for bright and 
dull coal components. For this reason it is not cer- 
tain that the two methods of analysis identify essen- 
tially the same chemical or physical units. It would 
be highly desirable to see results of the application 
of both methods to duplicate samples, but in the 
absence of any such data the author has attacked 
the problem indirectly. 

From the U. S. Bureau of Mines samples were 
obtained of three Alabama coals which the USBM 
had analyzed optically and reported on over the past 
30 years. These samples were subjected to analyses 
by oxidation rate methods. Results of this work, and 
comparisons with the USBM analyses, have been 
published.* This was the first indirect approach to 
the problem. The present report attempts a second 
indirect approach by way of internal validation. 

By nitric oxidation samples of two whole coals 
were carefully analyzed for fusain, bright coal, and 
dull coal. One coal was analyzed in duplicate. Dupli- 
cate portions of each of the coals were divided into 
three density fractions by means of heavy liquids. 
A duplicate portion of one of the coals was divided 
by sieving into three size fractions. Each fraction 
was analyzed by oxidation and its percentage com- 
position calculated in terms of fusain, bright coal, 
and dull coal. 

Because the weight percent of each fraction was 
known, a material balance calculation for the whole 
coal was also made. The resulting reconstituted 
analysis of the whole coal could be compared to that 
determined by direct analysis. In addition, specific 
reaction rate constants were determined for each 
component and for each whole coal or fraction. 
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Arbitrary reactivity indexes were calculated by 
dividing by 100 the sum of the products of the per- 
cent of each component in the coal and its specific 
reaction rate constant. The resulting figure was an 
average reactivity index for each coal or fraction. 
Weighting the reactivity indexes for each fraction 
by the percent of the fraction in the coal gave a 
reactivity index for each whole coal which could be 
compared to that calculated directly from the whole 
coal analysis. If oxidation analyses really delineate 
definite physical entities within the coal, or even 
definite groups of similar entities, reconstituted anal- 
yses calculated from fraction analyses should check 
closely those made of the whole coal. 

it probably is true that optical methods identify 
and describe a greater variety of components than 
do chemical methods and that variations are wide 
in the appearance and quantity of those components 
identified optically. Chemical methods based upon 
differences in oxidation reaction rates would of 
necessity be less discriminating, as between similar 
components, than would optical methods. 

The procedures followed for oxidizing the sam- 
ples, analyzing the residues, plotting and calculat- 
ing the percentage of each component, and calculat- 
ing its specific reaction rate constant have been fully 
described.** 

In brief the method originally proposed by Fuchs 
et al.’ for the determination of fusain consists of the 
oxidation of small samples of coal in boiling 8N 
nitric acid in a condenser-fitted flask. After boiling 
for periods of % to 4 hr, the unoxidized residue is 
filtered and washed. The washed residue is treated 
with normal sodium hydroxide, diluted, and allowed 
to stand for several hours. The resulting brown 
liquor is removed, and the filtered residue dried, 
weighed, ignited, and weighed again. The ash-free 
residue is expressed as a percent of original dry, 
ash-free coal. The percent residue is plotted against 
time, and the extrapolation of this line to zero time 
gives the percentage of dry ash-free fusain present 
in the original sample. 

The shape of the resulting time plots has been 
explained’ by the assumption that they are the re- 
sult of two different types of reaction, the first part 
representing a first order reaction with rate a func- 
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tion of concentration, and the second or straight 
portion reflecting a zero order reaction with the rate 
independent of concentration. 

Chemical and physical properties of the two coals 
used, and of the prepared fractions of each, are 
shown in Table I. Both coals were of medium vol- 
atile bituminous rank, the Pratt coal being of slightly 
higher rank. 

The sample of Fairview bed coal was obtained 
from the USBM, for work reported previously.* For 
an Alabama coal it was fairly high in both ash and 
sulphur. The data from Table I on both the coal and 
its density fractions indicate the following: 1) Free 
pyrite made up about one quarter of the sulphur, 
being concentrated in the small, sink-1.59 fraction. 
2) There was little rock in the sample because the 
sink-1.59 fraction was small and contained only 
28.6 pet ash. 3) The rank of the sink-1.59 fraction 
was fairly high. This was partly due to high fusain 
content, as shown in Table II. 4) There was a dis- 
tinct increase in the rank of all fractions, with in- 
creasing density. 5) The lightest fraction had con- 
siderably the larger heating value. 

The Pratt bed coal came from the Edgewater 
mine of the Tennessee Coal, Iron & Railroad Div. of 
U. S. Steel Corp. The gross sample was a 2-ton lot 
of mine run coal. The sub-sample used was a grab 
sample from this lot and not necessarily representa- 
tive. The high ash content of the raw coal was due 
to machine mining. The analyses justify the follow- 
ing conclusions: 1) That much rock was present is 
shown by the large size and very high ash content 
of the sink-1.55 fraction. The high ash of the plus 
No. 16 size fraction indicated the same. 2) As shown 
by the values for these items in the float-1.28 frac- 
tion, inherent ash and organic sulphur were low. 
3) The whole coal and its fractions, except sink- 
1.55 fraction, were strongly swelling. This property 
is consistent with its use for coke-making. 4) The 
non-swelling character of the sink-1.55 fraction 
was due to its high ash and high fusain content.’ 
5) Neither size nor density separation effected any 
great differences in the rank of the fractions. Such 
increase as did occur was more clearly indicated by 
free swelling index than by unit coal fixed carbon 
content. 

The percentage of each component and its re- 

-action rate constant are shown in Table II. Figs. 
1-3 show the results of the first-order oxidations 
in terms of bright and dull coal. Figs. 4, 5 show 


the zero-order oxidations of the fusain-component 
of each coal and fraction. Table II also contains per- 
centages of bright and dull coal calculated to a 
fusain-free basis. 


Petrographic Composition of Coals and Fractions 


Assuming for the present that oxidation analyses 
do delineate actual petrographic components, the 
following generalizations may be made concerning 
the data in Table II. 

1) Fusain, as is usually the case, was concentrated 
in the heavy density fractions of both coals. 

2) The size separation of Pratt coal was not effec- 
tive in concentrating fusain. Indeed, no size frac- 
tion analyzed quite as high in fusain as the whole 
coal. 

3) The quantity of the bright coal component 
(C..) of Fairview fractions decreased with increas- 
ing fraction density, but the amount of dull coal 
(C..2) was a maximum in the intermediate fraction. 
On a fusain-free basis, however, the quantities of 
dull coal were very nearly the same for the two 
heavier fractions. 

4) For concentrating the bright and dull fractions 
of Pratt coal size separation was not nearly so effec- 
tive as density separation. Bright coal content de- 
creased with both increasing size and increasing 
density, in the same direction as the increase in rank 
shown in Table I. 

5) The sink-1.55 fraction of Pratt coal consti- 
tuted only 9.5 pct of the organic matter of the sam- 
ple and consisted wholly of dull coal and fusain. 

6) In both whole coals the specific reaction rate 
constant of the fusain was low. The author has pre- 
viously observed but has published no comment 
upon the fact that the reaction rate constant of the 
fusain content of density fractions tends to decrease 
as the percent of fusain decreases. A plot of C,; 
against K, illustrates this clearly except that the 
reactivity of the fusain in the fraction having the 
maximum fusain content was, for both groups of 
density fractions, just a little smaller than that of 
the intermediate fraction. Results of a large number 
of closely graded fractions might show that the 
specific reaction rate for fusain tends to level off 
with increasing fusain content. 

7) The bright coal components of the various 
fractions of Pratt coal did not differ widely in 
specific reaction rate constant. 


Table |. Approximate Analyses, Free Swelling Indexes, and Weight Percentage of Each Fraction Oxidized 


Analysis, Pct 


Air Dry Basis 


Unit Coal Basis 


Sample 
No. Fraction Wt, Pct M A VM FC Ss Btu FC Btu FSI 
Fairview Bed, Soot Creek Mine* 
172B Original sample 100 0.8 8.9 25.9 64.4 2.3 3,630 72.5 15,300 ve 
173B Float 1.30 23.6 1.6 3.8 30.2 64.4 LS 14,590 68.8 15,530 : 
174B Sink 130-float 1.59 71.4 0.7 8.1 26.5 64.7 2.0 13,780 72.0 15,290 
175B Sink 1.59 5.0 2.4 28.6 16.3 52.7 10.4} ihe 83.3 ee 
Pratt Bed, Edgewater Mine* 
176B Original sample 100 1.0 20.6 22.9 bos) 2.0 11,99 73.0 15,700 BY 
177B —50 mesh 12.3 1.2 72: 24.2 57.4 2.1 12,420 72.6 15,570 815 
178B —16 + 50 mesh 24.9 0.9 15.0 24.1 60.0 1.9 12,900 (ERS) 15,650 9 : 
179B +16 mesh 62.8 TINY 24.7 21.0 53.2 2:3 11,310 74.5 15,770 i 
181B Float 1.28 39.2 0.7 2.3 26.8 70.2 1.0 15,280 72.5 15.710 9+ 
182B Sink 1.28-float 1.55 32.8 0.8 8.1 25.9 65.2 1.6 14,160 72.5 15,720 BY, 
183B Sink 1.55 28.0 1.2 66.3 12.9 19.6 a3 3,920** 74.2 14,680** lt 


* Coal crushed to pass No. 4 sieve before separation. 


** Ash and sulphur too high to obtain complete combustion in calorimeter. Values omitted or possibly too low. 


+ Calculated value. 
+ Button dumped without breaking but could not be handled. 
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Fig. 1—Logarithm of percent moisture and ash-free bright and dull coal residue as a function of time, for Fairview bed coal and 


three of its density fractions. 


8) The bright component of Fairview float-1.30 
was by far the most reactive component of any frac- 
tion. The bright coal components of the two heavier 
fractions of this coal had similar values. 


Whole Coal and Weighted-Fraction Composition 

In Table II, duplicate oxidation rate analyses of 
Fairview coal are shown. Agreement between the 
two analyses was fairly good. The repeat analysis 
showed a slightly greater quantity of much more 
reactive fusain and a smaller quantity of less re- 
active dull coal than did the original analysis. 

Table III repeats the percentages of the various 
components of the whole coals from Table II and 
shows the reconstituted analyses calculated from 
the size and density fractions and weighted by the 
percent of each fraction in the whole coal. The 
values are also shown on a fusain-free basis. 

For Fairview bed coal the results of reconstituted 
and direct analyses gave surprisingly close agree- 
ment. Both fusain and dull coal contents were 
slightly higher than in either of the whole coal 
analyses. In the case of Pratt bed coal the analysis 


calculated from size fractions just about reversed 
the quantities of bright and dull coal and gave a low 
result for fusain. The density fractions gave a higher 
result for fusain but checks were good for bright 
and dull coals. On a fusain-free basis, the calculated 
percentages of bright and dull components checked 
the directly determined values a little more closely. 
On the basis of only one size fraction, it appears 
that density fractions are superior to size fractions 
for making a weighted average check, probably be- 
cause for the particular coals used the separation of 
petrographic components was much sharper. 

It is obvious that some actual differences should 
be expected between the results of analyses of dupli- 
cate lots of the same coal. In addition to actual 
chance differences in composition, whole coals and 
the lighter fraction of each reacted so rapidly dur- 
ing the first few minutes of oxidation that accuracy 
could not be as high as that of proximate analyses. 

Mineral matter correction formulas were not ap- 
plied in calculation of the true organic matter con- 
tent of the original samples or of the residue re- 
maining after oxidation, although they should have 


Table II. Petrographic Analyses (Chemical Method) and Specific Reaction Rate Constants of the Whole Coals, 
Density Fractions of Fairview and Pratt Bed Coals, and Size Fractions of Pratt Bed Coal 


Fraction or 


Constant, Fairview Bed Pratt Bed 
Whole Coal Density Fractions Size Fractions Density Fractions 
Pet or Pct 
per Hr 172B 172B* 173B 174B 175B 176B 177B 178B 179B 181B 182B 183B 
Cr 12.3 13.3 2.1 15.8 38.4 lard 5.4 3.4 5.2 13 8.3 1553 
Co-1 59.7 64.7 87.2 47.7 36.1 49.3 58.6 45.6 40.8 92.3 38.7 0.0 
Ce-2 28.0 22.0 10.7 36.5 25:5 45.0 36.0 51.0 54.0 6.4 53.0 84.7 
Ke 0.50 0.92 0.23 1.63 1.46 0.50 0.53 0.24 0.23 0.13 0.90 0.76 
Kei 7.00 7.44 13.78 6.38 6.55 4.31 5.29 4.79 3.77 5.15 3.96 
Ke-2 1.99 1.62 2.25 1.41 23 2.16 2.45 4.63 213 1.39 2.29 1750) 
Calculated to a Fusain-Free Basis 

Con 68.2 74.5 89.1 52.3 “61.9 47.2 43.2 95.5 57.8 0.0 
Co-2 31.8 25.5 10.9 44.3 40.5 47.7 38.1 52.8 56.8 6.5 42.2 100.0 


* Duplicate analysis. 


Key to symbols for components and specific reaction rate constants: 


Ce = Fusain, pct. 

Cc-1 = Bright (or more reactive) coal, pct. 

Cc-2 = Dull (or less reactive) coal, pct. 

Kr = Specific reaction rate constant, fusain, pct per hr. 
K.4 = Specific reaction rate constant, bright coal, pet per hr. 
Ke-2 = Specific reaction rate constant, dull coal, pct per hr. 
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been so applied to secure greatest accuracy. The 
composition of the ash of the various fractions un- 
doubtedly varied considerably. In the absence of 
data concerning differences in mineralogical com- 
position of the ash of the various fractions, however, 
the less accurate ash correction formula was used. 
Possible catalytic effects, differences in ease of wet- 
ting, and differences in the rate of heating of coal- 
nitric acid mixtures to boiling are some of the un- 
assessed factors that might contribute to variable 
results in the tests. 


TIME , 


HOURS 


In spite of the large number of possible uncon- 
trolled or uncontrollable factors, the author believes 
that the agreement between analyses of the whole 
coals and the reconstituted whole coal compositions 
calculated from the separate analyses of the frac- 
tions was sufficient to provide a basis for the con- 
clusion that the dull coal, bright coal, and fusain 
fractions identified and estimated by the nitric acid 
oxidation method do exist. No doubt much material 
in the coal is intermediate or gradational, going first 
with one and then with another fraction as a sample 


Table III. Analyses of Whole Coals* and Calculated Analyses Reconstituted from Fraction Analyses and Percent of 
Each Fraction in the Whole Coal 


Fairview Bed Pratt Bed 

Whole Coals Density Fractions Total Size Fractions Total Density Fractions Total 

Fraction 172B 172B** 173B 174B 175B 100 176B 177B 178B 179B 100 181B 182B 1838B 100 
Cr x pet frac.7 (12.3) (13.3) 49.6 1128.1 192.0 13.7, (5.7) 66.4 84.7 326.6 4.8 
Cc-1 x pet frac. (59.7) (64.7) 2057.9 3402.8 180.5 56.4 (49.3) 720.8 1135.4 2562.2 44.2 3618.2 1269.4 0.0 48.9 
Ce-2 x pet frac. (28.0) (22.0) 252.5 2606.1 127.5 29.9 (45.0) 442.8 1269.9 3391.2 51.0 250.9 1738.4 2371.6 43.6 

Calculated to a Fusain-Free Basis 

Cc-1 x pet frac. (68.2) (74.5) 2102.8) 68.0 (52.3) 761.4 1175.3 2713.0 46.5 3665.2 1895.8 0.0 55.6 
Cc-2 x pet frac. (31.8) (24.5) 297.2 3163.0 202.5 36.3 (47.7) 486.6 1314.7 3567.0 53.5 254.8 1384.2 2800.0 44.4 


* Numbers in parentheses are directly determined values. 
** Duplicate sample. 


7+ The percent of each size or density fraction of each coal may be read from Table I. 


566—MINING ENGINEERING, JUNE 1955 


TRANSACTIONS AIME 


2 


100 
100 100 
ay. 
z 
3 +4 = 
= 
w + A 4 
« w 
< 
<a 
< = 


at 


° 
TIME , HOURS 


is separated by any method that is sensitive to real 
physical differences between the lumps. That the 
physical differences reflect chemical differences with 
regard to ease of oxidation seems logical also. Per- 
haps it is true that some dull coal is duller than 
other dull coal and some bright coal is brighter, or 
more reactive, than other bright coal, but there 
seem to be some real, fairly sharp differences be- 
tween these two components in any given coal. 

As revealed by the microscope and described in 
many publications, the petrographic composition of 
bituminous coals appears to be more variable than 
the simple bright coal—dull coal—fusain composi- 
tion from oxidation analyses would indicate. Indeed, 
the variations in specific reaction rate constants of 
the various components of the separate size and 
density fractions, Table II, suggest a not too simple 
composition for the original whole coals. 

The conclusion is practically inescapable that dif- 
ferences between petrographic components are due 
to: 1) differences between pre-burial conditions to 
which the separate components were subjected; 


' 
TIME, HOURS 
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2) differences in types of plant matter contributing 
to each component; or 3) differences in early post- 
burial conditions. If such were the case, although 
tiny portions of one component might differ sub- 
stantially from other tiny portions, the general com- 
position or structure of that component might cause 
its particles to suffer a uniform rate of attack by 
nitric acid, under given conditions, while another 
component, under the same conditions, might be at- 
tacked more or less rapidly than the first one. Fuchs 
et al.t demonstrated, for example, that the reaction 
between fusain and nitric acid is zero-order, while 
bright and dull components exhibit first-order rates 
of reaction with the same reagent. 


Reactivity Indexes 
Table IV shows indexes of reactivity found sim- 
ply by multiplying the percent of each component 
in the coal, or fraction, by its specific reaction rate 
constant, adding the products, and dividing the sum 
by 100. The quotient has no actual physical mean- 
ing and is expressed in no physical units that are 


Table IV. Indexes of Reactivity (R.I.)* for Each Whole Coal and for Each Fraction Oxidized and Composite 
Indexes for Each Coal Reconstituted from Its Fractionst 


Fairview Bed Pratt Bed 
Whole Coal Density Fraction Size Fraction Density Fraction 
"No. Fraction 172B 172B** 173B 174B 175B 176B 177B 178B 179B 181B 182B 183B 
1 Crx Ke 6.15 12.24 0.48 25.75 56.06 2.85 2.86 0.82 1.20 0.1 7.47 11.63 
Dae cen xk 417.90 501.46 1201.6 304.33 246.46 212.48 309.99 218.42 153.82 475.35 153.25 0.00 
3 Cie 1. ss 55.72 35.64 24.08 51.47 31.37 97.20 88.20 236.13 115.02 8.90 121.40 129.59 
4 Total/100(R.I.) 4.80 5.49 12.26 3.82 3.24 3.03 4.01 4.55 2.70 4.84 2.82 141 
5 RI. x 23.6 pet 289.34 
6 R.I.x 71.4 pet 272.15 
AL pct 16.20 
8 Total/100 (R.1.) 5.77 
9 Ril. x 12.3 pet 
10 R.I. x 24.9 pet ee 
R.1. x 62.8 pct 
12 Total/100 (R.I.) 
13 R.I. x 39.2 pet peas 
14 R.L pet 
a5 R.I. x 28.0 pet 
3:22 
Calculated from Analyses to a Fusain-Free Basis 
17 Whole Coals (R.1.) 5.41 ane 
18 Size fraction (R.I.) 
19 Density fraction (R.1.) 6.16 6.16 s 


*R. I. = (CxK)/100. 
** Duplicate sample. 
+R. I. = (Index of 


each fraction times weight percent of fraction) /100. 
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susceptible to dimensional analysis unless they be 
in percent-per-hour, the same units as those of the 
specific reaction rate constants. Even so, the units 
are not self-consistent, as fusain oxidizes by a zero- 
order law and the other two components by first- 
order laws. The quotient should, however, be roughly 
a mean or proportional specific reaction rate con- 
stant for the whole coal, had the coal been a pure 
or chemically homogeneous substance having that 
particular reactivity, rather than a mixture. In 
Table IV, the whole coal indexes shown were cal- 
culated by combining the fraction indexes in pro- 
portion to the percent of each fraction present in the 
coal. Reactivity indexes of this type have been cal- 
culated before, and it has been shown that these 
indexes may be in the same order as the ranks of 
the coals analyzed.* The differences between cor- 
responding reactivity indexes, as shown in Table IV, 
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Fig. 4—Total residue as a function of time for Fairview bed 
coal and its fractions. 


were not large. A study of Tables I and IV will 
show that the indexes for the fractions were also 
roughly in the same order as their ranks. 

Reconstituted fraction reactivity indexes (lines 
8, 12, and 16 in Table IV) were a little larger than 
direct whole coal indexes (line 4) in every case. 
When the results were calculated to a fusain-free 
basis, they were a little closer than when fusain was 
included (lines 17 to 19). 


Conclusions 

The results of these tests indicate that bright coal, 
dull coal, and fusain in bituminous coals react with 
nitric acid at different rates and that the bulk of 
each of the components reacts at a uniform rate. 

That distinct components do exist, that they tend 
to concentrate, more or less, in different density or 
size fractions, and that they react essentially the 
same way toward nitric acid in the fractions as they 
do in the whole coal is shown by a ‘‘material bal- 
ance” calculation from size and density fraction 
analyses. The resulting reconstituted petrographic 
compositions were very close to those obtained by 
analyzing the whole coal samples directly. 

Weighted average reactivity indexes, calculated 
from whole coal analyses and from analyses of the 
size or density fractions, also checked each other 
closely and are probably in the same order as the 
rank of the coals. The coals examined in this work 
were too nearly the same rank to provide valid evi- 
dence on this point. 

The results of this work and previous work pub- 
lished by the writer” * show that the percent of the 
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Fig. 5—Total residue as a function of time for Pratt bed coal and its fractions. 


more reactive and less reactive components of a 
bituminous coal can be determined by nitric acid 
oxidation rate analyses and that the relative reactiv- 
ities of the components can be compared with each 
other and with corresponding components of other 
bituminous coals. Further, the components deter- 
mined chemically appear to correspond to the trans- 
parent, opaque, and fusain components seen under 
the microscope. 
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DISCUSSION 


Gilbert Thiessen (Koppers Co. Inc., Pittsburgh)— 
This paper is an extension of work in previous AIME 
Transactions 2 and 4. In the first article the conclusion 
was drawn that coals contained classes of materials 
which were oxidized at differing rates by nitric acid 
under certain specified conditions. It was speculated 
that the classes of materials which had different 
reactivities toward nitric acid corresponded to the petro- 
graphic components of coal. The second article at- 
tempted to correlate the materials as indicated by 
the wet oxidation with the petrographic components 
as estimated for same coals by another laboratory. In 
the reader’s opinion the numbers (3), types (1), and 
general ranks (1) of coal compared were too small and 
the agreement too questionable to establish definitely 
a correlation between the oxidation residues and the 
microscopically estimated petrographic components. 
The present article attempts to establish further this 
correlation between chemically and microscopically 
determined components. For this purpose several coals 
were separated physically into fractions, the original 
coals and fractions analyzed, and the weighted aver- 
age of the analyses of the fractions compared with the 
analysis of the original. The correspondence is good. 
This does not prove, however, that the components for 
which the coal was analyzed were the petrographic 
components; it proves that whatever components the 
whole coal was analyzed for could proportionately be 
found in the fractions. The results show that the 
method is consistent within itself; it does not show that 
the items segregated and estimated correspond to any 
other segregated and estimated materials. 

In the reader’s opinion, had coals of different types— 
such as splint, cannel, predominantly bright coal, pre- 
dominantly dull coal other than splint, and coals of 
different ranks such as semi-bituminous, low-volatile, 
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high-volatile, and sub-bituminous coal—been studied in 
collaboration with a petrographic laboratory, as was 
done with the coals described in the second article, 
then we would have a much better basis for deciding 
whether the chemical method did, in fact, determine 
materials comparable to those estimated visually. This, 
I feel, needs to be done before the method can unques- 
tionably be accepted. 

The objective of the work is good. In most labora- 
tories chemical methods would be much more easily 
carried out than the petrographic optical method, and 
the author should be encouraged to make further cor- 
relations of the results of his methods with other 
methods. 

The reader would agree with the conclusion that “.. . 
the percent of the more reactive and less reactive com- 
ponents of a bituminous coal can be determined by a 
nitric acid oxidation rate analyses and that the relative 
reactivities of the components can be compared with 
each other and with corresponding components of other 
bituminous coals.” The reader disagrees that the pres- 
ent article gives evidence that “the components deter- 
mined chemically appear to correspond to the trans- 
parent, opaque, and fusain components seen under the 
microscope.” This apparent correlation was the subject 
of the second article. It is not believed that the pres- 
ent paper adds to that correlation. Therefore, the 
reader also does not agree that “. .. the results of these 
tests indicate that bright coal, dull coal, and fusain, in 
bituminous coals, react with nitric acid at different 
rates and that the bulk of each of the components re- 
acts at a uniform rate.” No figures were given for the 
microscopically determined petrographic components 
and therefore there can be no data as to their reaction 
with nitric acid. In the reader’s opinion these results 
indicate that there are components in coal which ap- 
pear to react with nitric acid at different rates, and a 
relation might be established between the quantities of 
these materials and the quantities of materials which 


have recognizably different appearances under the mi- 
croscope. I do not believe either that it was shown that 
the bulk of each component reacts at a uniform rate. 


R. O. Shotts (author’s reply)—The author appreciates 
Dr. Thiessen’s thoughtful and generous review. 

With regard to Dr. Thiessen’s principal point that the 
entities delineated by the oxidation rate procedures 
have not been conclusively proved to be identical to 
microscopically determined petrographic entities, the 
author cannot choose but agree. The point will not be 
proved conclusively, one way or another, until someone 
uses both methods upon the same samples. If it is to 
be proved universally true, a wide variety of ranks and 
types should be compared. The author still feels that 
there is a relationship and that the series of papers does 
present a strong tie-up with regard to a broad designa- 
tion such as bright and dull coal, but specific identifica- 
tion of all petrographic components is yet lacking. 

It will be observed that the author, in all three 
papers, has tried to qualify broad statements by limi- 
tation to “bituminous coals.” A lignite was included in 
the first paper but the range of rank of the coals oxi- 
dized, other than the lignite, was narrow. 

Dr. Thiessen suggests that the bulk of each com- 
ponent does not react at a uniform rate. Perhaps the 
word uniform was an unfortunate choice. The very 
method itself is based upon the apparent second order 
type of oxidation rate for each component (zero order 
for fusain) and the fact that each plots with a different, 
but unique, slope on semi-log coordinates. As sug- 
gested in the second paper of the series (3), it may be 
that “the great rapidity of oxidation may mask the 
presence of matter of intermediate reactivity” and thus 
oxidation rates may be more complex than they ap- 
pear. In that case the apparent uniformity, in the sense 
in which the author used the term, is not strictly true. 
Low rank coals (2) and oxidation with acids of low 
concentration (3) suggest these possible departures 
from uniformity. 


Determining Depth of Faulting 


From Magnetic Field Intensity Measurements 
by Otto W. Nuttli 


HE magnetic method of prospecting is well 

suited to determination of faulting in the 
basement rock. In addition to establishing the hori- 
zontal position of the fault, it often furnishes val- 
uable information concerning the depth and amount 
of faulting. 

Consider a simple case of a vertical fault, repre- 
sented in cross-section in Fig. 1. Let AA’ represent 
the plane of observation (ordinarily the surface of 
the earth), and BB’B”B’” the upper surface of the 
basement. Assume that the sedimentary rocks are 
nonmagnetic, so that the magnetic susceptibility of 
the material above the basement is zero. Let k indi- 
cate the susceptibility of the basement rock, o the 
density contrast between it and the neighboring 
sedimentary rocks, and t the amount of vertical 
displacement. 

Fig. 1 shows the material, indicated by cross- 
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Louis. 
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hatching, which gives rise to the magnetic anomaly. 
In most cases it can be assumed that t is small com- 
pared to the thickness of the sedimentary rocks. 
The semi-infinite, rectangular slab of rock of sus- 
ceptibility k, density contrast o, and thickness t may 
then be replaced by a semi-infinite sheet CC’ of mass 
ot per unit area at depth z (the mean depth of the 
slab). Nettleton’ states that this approximation re- 
sults in an error of less than 2 pet for the computed 
gravitational field intensity when t is as great as z/2 
and decreases rapidly for smaller values of t. 

By a theorem of Poisson, the magnetic field in- 
tensity can be determined readily from the gravita- 
tional field. The theorem states that 


W = (I/yo) (0U/2i) i, [1] 


where W is the magnetic potential associated with 
the structure, I is the intensity of magnetization 
which is assumed to have the direction of the in- 
ducing field, y is the constant of gravitation, o the 
density contrast, U the gravitational potential asso- 
ciated with the structure, i the direction of the in- 
ducing magnetic field, and i, a unit vector in that 
direction. The multiplication indicated in Eq. 1 is 
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Fig. 1—Profile view of a two-dimensional, vertical fault. 


the scalar or dot product of two vectors. Eq. 1 as- 
sumes that the structure is uniformly magnetized. 
This assumption is not always justified. However, 
there are methods of checking the validity of this 
assumption in individual field cases. One method, 
which requires both the horizontal and vertical 
components of the magnetic field intensity, will be 
described later in the paper. The other method, 
used by Garland,” employs both a magnetic and a 
gravity survey over the structure. It may be of 
interest to note that there are several fault struc- 
tures in eastern Missouri which apparently satisfy 
the various assumptions that have been stated. 

The components of the magnetic field intensity 
may be obtained by taking the partial derivatives 
of the magnetic potential. Thus 

OW /oy-V = 0W/ez. [2] 
where V is the vertical and X and Y are mutually 
perpendicular horizontal components of the field in- 
tensity due to the structure. 

Let the inducing field have an intensity F,. Then 
= k(X,.a + Y.b + where 
are the components of the inducing field and a,b,c 
are unit vectors in the direction of the x,y,z axes, 
respectively. From Eqs. 1 and 2 it follows that 


X = (k/yo) (X. + 
Y, °U/oxdy + V, [3] 


Y = (k/yo) (X, °U/ox0y + 
Y, + V, °U/dyez), and [4] 


Y, 0°U/dyoz + V, [5] 


Eqs. 3, 4, and 5 are valid for any uniformly magne- 
tized structure. 

Let the strike of the fault make an angle a with 
the magnetic north. Also, let the y axis correspond 
to the strike of the fault. Then 0U/oy equals zero, 
and in addition, from Laplace’s equation, — 
—0°U/dz’. Eqs. 3, 4, and 5 reduce to 


X = (k/yo) + V. [6] 
Y = 0, and [7] 
V = (k/yo) + [8] 


It may be noted that X, = H, sin a, where A, is the 
horizontal component of the earth’s magnetic field. 
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Fig. 2a (above)—Surface map of the vertical component of 
the anomalous magnetic field intensity. 


Fig. 2b (below)—Profile at right angles to strike of the ver- 
tical component of the anomalous magnetic field intensity. 


MAGNETIC 
NORTH 


CONTOUR INTERVAL 
GAMMA 


-100 


200 


20000 FT. 9 


*20000 


Fig. 3a (above)—Surface map of component of the anom- 
alous magnetic field intensity measured with a horizontal 
magnetometer. 


Fig. 3b (below)—Profile at right angles to strike of the 
anomalous magnetic field intensity measured with a hori- 
zontal magnetometer. 
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It can readily be shown that the vertical com- 
ponent of the intensity of the gravitational field of 
the fault satisfies the equation 


0U/0z = 2yot (a/2 — tan™ x/z). [9] 


When Eq. 9 is differentiated and the appropriate val- 
ues in Eqs. 6 and 8 are substituted, expressions result 
for the horizontal and vertical magnetic field in- 
tensity components over a fault. These expressions 
are 


—2kt 
(sin V5) [10] 
2kt 
sine, Vo). [11] 


Since the horizontal magnetometer measures only 
the component of the horizontal portion of the 
anomalous field in the direction of magnetic north, 
the horizontal component of the field of the fault 
determined by the horizontal magnetometer is 


—2ktsina 


x’ + 2 


(x H,sina +zV,). [12] 


Depth Rules: The horizontal distance between 
the maximum and minimum values of V or H makes 
it possible to compute the depth z. To establish 
these relationships, differentiate Eqs. 11 and 12 with 
respect to x and equate to zero. The roots of these 
equations will give the values of x for which V and 
H have their maximum and their minimum values. 

The maximum value of V occurs when x, = 
(z/V.) sine + \/Hsin’a + The minimum 
value occurs when x = (2/V,) (H,sine — 
\/Hisin*« + Vi). Thus the horizontal distance be- 


tween maximum and minimum values of V is 


+ = (22/V.) + [13] 
The maximum value of H occurs when 2x = 
(z/H, sin «) (—Vo — \/H; sin’ « + V?) and the mini- 
mum value occurs when x, = (z/H, sina) (—Vo + 
\V/H; sin’ « + Thus the horizontal distance be- 


tween the maximum and minimum values of H is 
+ = (22/H, sin) \/H?sin’a + [14] 
From Eq. 13, 


z= ( + + V2 - [15] 


From Eq. 14, 
z= H,sin a + sin’ a + V, [16] 


Eqs. 15 and 16 furnish two independent expressions 
for the depth z in terms of quantities which can be 
observed in the field. However, from Eq. 14 it can be 
seen that if H, or « is small, |x.| + |x| is very large 
compared to z. This is undesirable, because the ef- 
fect of the neighboring structures will then become 
significant. To avoid this difficulty, use the distance 
between the values of x for which H is one-half its 
minimum value. From Eq. 12 it can be shown that 


+ = (22/V.) VHisinta + [17] 


where |x;| and |x| are the values of x for which H 
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is one-half its minimum value. If H, or a is small, 
the minimum value of H occurs approximately ovér 
the fault, where x = 0. The values of H will ap- 
proach zero as |x| becomes large. 

Example: The following example illustrates the 
use and limitations of the theory developed above. 
Assume that there is a fault striking 45° west of 
north. Let the vertical displacement be 1000 ft, the 
depth to the upthrown side of the basement 2500 ft, 
the density contrast 0.5 gm per cm’, the suscepti- 
bility of the basement rock 0.01 cgs units, and the 
vertical and horizontal components of the earth’s 
magnetic field intensity 0.6 and 0.2 oersteds, re- 
spectively. 

Figs. 2 and 3 show the components of the anoma- 
lous magnetic field intensity due to the fault struc- 
ture which would be measured with the vertical 
and horizontal magnetometers, respectively. The 
problem is to determine as much as possible about 
the structure from these observations. 

Figs. 2a and 3a show that the structure is two- 
dimensional and that it strikes 45° east of north. 
Fig. 2b indicates a fault structure; in addition, 
|a.| + |a2| = 6000 ft. Thus from Eq. 15, z = 3000 ft. 
Fig. 3b shows the limitations of Eq. 14. The maxi- 
mum value of H is not sharply defined, so that the 
value of |x| + |a,| cannot be determined with any 
reliability. However, |x;| + |x.| can be readily de- 
termined as 6000 ft. From Eq. 17, z = 3000 ft. The 
agreement between the values of z would indicate, 
for an actual field problem, that the assumption of 
a uniformly magnetized fault is a good one. It is not 
possible to determine k or t uniquely from the field 
data, since an infinite number of combinations of 
these can satisfy the data. However, in many cases 
it is possible to estimate the order of magnitude of 
k. Then, from Eqs. 11 and 12, a value of t may be 
estimated. 


Conclusions: The horizontal distance between the 
maximum and minimum values of V, the vertical 
component of the magnetic field intensity, makes it 
possible to compute readily the mean depth to the 
faulted surface by using Eq. 15. The assumption of 
uniform magnetization can be verified by use of the 
horizontal distance between the points for which 
the component of the magnetic field measured with 
a horizontal magnetometer along a line at right 
angles to the strike of the fault has one-half its 
minimum value. This distance, when substituted 
into Eq. 17, gives an independent expression for 
the mean depth z. 

If the fault strikes almost north-south, there will 
be no measured horizontal anomaly, as can be seen 
from Eq. 12, since sin a = 0. It is possible, however, 
to compute the expected vertical component of the 
magnetic field intensity from observed gravity data, 
as indicated by Garland.” Agreement between the 
computed and observed values of the vertical com- 
ponent of the magnetic intensity verifies the validity 
of the assumption of a structure of uniform mag- 
netization and uniform density contrast. One diffi- 
culty peculiar to the gravity data is the necessity 
of making terrain corrections, which may be large 
in areas of rugged topography. 

Although a unique value of z can be determined, 
it is not possible to obtain unique values of k and t 
from the field intensity observations. 
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Synthesis and Properties of Large Single 
Crystals of Strontium Titanate 


by Leon Merker 


be fusion growth of strontium titanate crys- 
tals was undertaken to obtain large transparent 
crystals on which physical data could be gathered. 
The fact that strontium titanate is a cubic crystal 
and probably has a high index of refraction indi- 
cated that it might be useful in optics. No large 
boules* of strontium titanate had been synthesized 


‘3 Boule, the French word for globule, is generally accepted to 
describe any crystal grown by the flame fusion technique. It was 
introduced in this sense by A. V. Verneuil. 


previously, and none have been found as natural 
occurrences. 

The flame fusion process, invented by Verneuil in 
1904," was first applied to grow large crystals of 
ruby and has since been used extensively to grow 
crystals of corundum and spinel on a commercial 
scale. Only during the past nine years has this tech- 
nique been applied to the growth of large single 
crystals of other high melting compounds such as 
rutile,” mullite,* and ferrites.* 

One of several significant advantages of the flame 
fusion technique over more conventional methods 
of growing crystals from a melt is that the crystals 
are grown without the use of melt containers. This 
fact alone excludes other methods of growing crys- 
tals from a melt whenever there are compounds 
with a melting point near 2000°C or above. Growth 
of the crystal, similar to that of a stalagmite, takes 
place inside a circular refractory furnace that does 
not contact the crystal, Fig. 1. This eliminates a 
serious source of impurities as well as the likeli- 
hood of multi-crystalline solidification along the 
container walls. 

The flame fusion technique is particularly advan- 
tageous for research because it produces large crys- 
tals quickly and at lower cost. A corundum crystal 
25 mm long and 12 mm in diam can be grown in 
2 to 3 hr. Operating conditions permit observation 
of the growing crystal during any stage of the proc- 
ess. The various flame patterns and a wide range of 
oxidation-reduction conditions can be investigated 
in a relatively short time. 

It should be pointed out that formation of the 
foot of the boule is the most critical step in growing 
an unfractured boule. When the tip of the sintered 
cone is fused to initiate crystal growth, the original 
area of fusion should be kept as small as possible 
so that one crystallite can assume dominance over 
all the others and propagate as a single crystal. If 
the boule start happens to consist of several crys- 
tals, usually the entire boule also contains several 
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Fig. 1—Photograph of strontium titanate boule inside open 
boule furnace. 


crystals. In many cases these tightly cohering crys- 
tals exhibit different crystallographic orientations. 

Although the basic technique of the original Ver- 
neuil process has been retained, refinements in 
method and burner design have been developed in 
recent years. For example, boule growth may be ini- 
tiated on a seed crystal rather than by fusion of a sin- 
tered cone. The danger of multicrystalline or twinned 
boule starts is thus eliminated, and this procedure 
may also be used to grow boules of predetermined 
crystallographic orientation. 

Prior Art: Of the many attempts to produce arti- 
ficial gem crystals, most early efforts’ were directed 
toward synthesis of rubies and sapphires and dia- 
monds. None of these efforts resulted in a process 
that was commercially practical. Without exception 
only tiny crystals of corundum were obtained, and 
those at excessive cost. Verneuil announced his 
process in 1904; Ravier® in 1934 presented a detailed 
description of a commercial boule production plant. 
Descriptions of the German synthetic stone industry, 
the process details, and the equipment used have 
been published by Barnes’ and by Merker.® 
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Fig. 2—Photograph of typical strontium titanate boules. 


Until 1940 commercial application of the flame 
fusion technique was almost exclusively practiced 
in Europe, particularly in France, Switzerland, and 
Germany, and was limited to corundum and spinel. 
At the start of World War II the method was in- 
troduced to the U. S. for manufacture of corundum 
boules for instrument bearings. Important develop- 
ments such as rod crystals,’ synthetic star sapphires, 
- and star rubies” were soon realized. In 1949 Moore’ 
described the flame fusion synthesis of large single 
crystals of rutile and in 1950 Bauer and coworkers’ 
reported synthesis of single crystals of mullite by 
flame fusion. Zerfoss and coworkers” described the 
synthesis of scheelite crystals, and more recently 
Bauer* also discussed the successful synthesis of 
large ferrite crystals by a similar technique. 


Experimental Details 

The first attempt to grow a single crystal of stron- 
tium titanate by flame fusion with a tricone burner’ 
such as that used for growing rutile boules produced 
a small transparent crystal 7 mm long and 2 mm in 
diam. Although no effort was made to grow a larger 
crystal, the experiment clearly demonstrated the 
feasibility of obtaining transparent single crystals 
of strontium titanate by flame fusion. 

Subsequent experiments with the tricone burner 
resulted in boules, invariably badly fractured, which 
contained solid pieces the size of a 6-mm cube. Some 
improvement was obtained when the sintered cone 
technique was replaced by the use of seed crystals, 
small unfractured strontium titanate crystals shaped 
into narrow rods 8 mm long and 3 mm wide. The 
seed crystals were cemented to the top of the refrac- 
tory pedestals by a refractory cement mixture made 
into a barely moist paste by the addition of a few 
drops of a dilute sodium silicate solution. Before use, 
the seed crystal was fired over a blast burner until 
the cement appeared well hardened. 

The larger boules grown with a tricone burner 
consisted of many sections of a variety of colors 
(white, yellow, purple, and dark blue) which sep- 
arated on cooling. The opaque dark blue crystal 
sections, actually appearing black when the crystal 
section was more than 2 mm thick, were usually the 
largest and were mostly free of fractures. It was 
concluded that these colors represented different 
oxidation stages of strontium titanate and were the 
result of inhomogeneous oxidation-reduction condi- 
tions produced by the flame pattern of the burner. 
The opaque dark blue crystal sections exhibited the 
fewest fractures, and since it appeared simpler to 
provide a satisfactory flame pattern with reducing 
conditions, effort was directed toward growing 
boules that would consist entirely of the blue phase. 
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It became apparent that the tricone burner was 
not suitable for growing large unfractured boules 
of strontium titanate. Designed to grow rutile boules 
at a fusion temperature of 1830° to 1870°C, the 
burner did not provide a satisfactory flame pattern 
when the oxygen flows were increased to reach the 
temperature (2080° to 2130°C) required for fusion 
of strontium titanate. With this consideration in 
mind, a modified Verneuil type of burner was set 
up. Investigation of a wide range of gas flow com- 
binations indicated that a satisfactory flame pattern 
can be obtained with gas flows in which the hy- 
drogen-oxygen ratio is kept at approximately 5:1, 
by volume. By taking advantage of the uniformly 
reducing atmosphere obtained with this burner, it 
was possible to grow unfractured boules up to 20 
mm long and 10 mm in diam, weighing up to 20 
grams. Best results were obtained when the tem- 
perature of the molten boule surface was kept be- 
tween 2100° and 2130°C, as determined with a Leeds 
and Northrup optical pyrometer. 


Description of the Boule-Growing Process 

The calcined strontium titanate feed material is 
screened through a 100-mesh nylon screen. The feed 
hopper as well as the burner system are cleaned 
thoroughly by blowing out with filtered air to re- 
move dirt and dust particles, and then the hopper is 
loaded with about 200 grams of feed material. 

A refractory pedestal, with a seed crystal ce- 
mented to its top surface, is placed inside the open 
boule furnace so that the seed crystal extends up- 
wards to the lower edge of the furnace window. 
Gas flows are adjusted so that the burner may be 
lighted without either fracturing or melting the 
seed crystal. For this purpose the needle valves are 
set so that the hydrogen-oxygen ratio is approxi- 
mately 10:1. 

To light the burner a taper or pilot light is held 
in the open boule furnace just below the burner ori- 
fices, and the simultaneous shutoff valve is switched 
open. After the furnace is closed the hydrogen flow 
is increased to its maximum and is kept unchanged 
throughout the run; only the oxygen flow is used 
to control the flame temperature. The seed crystal 
is then slowly raised until it extends to the middle 
of the furnace window, and the oxygen flow is grad- 
ually increased. When the seed crystal appears well 
heated without signs of fracturing, the flow of oxy- 
gen is further increased until the top of the seed 
crystal appears uniformly molten. This point should 
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Fig. 3—Electron micrograph of boule feed. 
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Fig. 4—Refractive index of strontium titanate and a heavy 
flint glass as a function of wave length. 


be reached when the hydrogen-oxygen ratio is 
about 9:1. 

The feed mechanism, adjusted to a rate of 30 taps 
per min, is then put into operation. To center the 
seed crystal with respect to the feed stream, the 
pedestal holder is carefully moved until it appears 
that the feed stream is striking the center of the 
molten surface. After the seed crystal has grown 
by 3 to 6 mm, the oxygen flow is increased by small 
increments until the ratio of hydrogen to oxygen 
reaches 5:1, which causes the rod-like crystal to 
assume a mushroom shape. This widening process is 
continued until the boule is about 12 mm wide. No 


attempt should be made to widen the crystal fur- © 


ther, as it might then exceed the width of the hot 
zone of the flame. This causes the boule to fracture 
on cooling. 

After the boule has reached the desired width the 
oxygen flow is not increased. The feeding intensity 
is now increased, and by keeping all gas flows con- 
stant the boule is allowed to grow straight without 
further widening. Temperature of the molten boule 
surface, measured with a Leeds and Northrup op- 
tical pyrometer, should be kept at 2100° to 2130°C 
throughout the run. To compensate for its upward 
growth the boule is lowered every 5 min by approx- 
imately 2mm. The boule surface is thus kept at ap- 
proximately the same temperature zone of the 
flame. When the crystal has reached a size of ap- 
proximately 20 grams, equivalent to a height of 30 
to 35 mm, feeding is discontinued. The boule is 
then lowered by 5 to 7 mm to avoid fracturing 
when the flame is shut off by a valve which simul- 
taneously stops the flow of both hydrogen and oxy- 
gen. The boule is allowed to cool inside the furnace 
for % hr. The furnace is then opened carefully so 
the pedestal will not be jarred, and the hot boule is 
removed by asbestos-covered tongs. For protection 
from air drafts the boule is placed in an asbestos- 
clad box until it has reached room temperature. The 
burner tips are then cleaned to remove any adher- 
ing feed particles, the pedestal is replaced, and the 
burner is ready for another run. 

Production of a boule of good quality depends on 
careful and regular maintenance of burner and gas 
control equipment, skill of the burner operator, and 
such factors as feed material and burner design. 
Proper centering of the seed crystal is very impor- 
tant, as otherwise excessively strained crystals are 
produced which usually fracture during cooling. If 
the top of the seed crystal is not completely fused 
prior to the start of feeding, the boule also tends to 
fracture. Runovers will occur if the oxygen flow is 
increased too rapidly. Whenever a runover occurs 
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Fig. 5—Transmission of strontium titanate from 300 my to 
1200 mu. 


the growth process should be discontinued, as the 
resulting crystal usually comes out badly fractured. 
If the boule is allowed to grow too high into the 
cooler portion of the flame, the upper center portion 
of the crystal will contain a region of unfused feed 
particles.** Fig. 2 is a photograph of typical boules. 


** A description of the boule-growing process is also contained 
in a patent issued to Lynd and Merker.2 

Feed Material: As part of the problem of the 
growth of strontium titanate crystals, it was neces- 
sary to prepare a strontium titanate feed material 
of very high purity and satisfactory chemical and 
physical properties. This procedure relies on the 
precipitation of a strontium titanium oxalate, which 
on calcination at 1000°C forms strontium titanate 
of stoichiometric composition with good free-flow- 
ing properties. The precipitation of the double salt 
requires great care: a solution of oxalic acid is 
added to dilute titanium tetrachloride, followed by 
the addition of a solution of strontium chloride. The 
solution is kept at 70°C under agitation. Precipita- 
tion begins 15 to 20 min after the solutions are 
mixed, and with continued agitation the precipitate 
is allowed to age for 10 to 11 hr. It is then filtered, 
washed free of chlorides, and calcined in an elec- 
tric muffle furnace at 1000°C for 2 hr. The resultant 
strontium titanate is of high chemical purity, as 
may be seen in Table I, which represents a typical 
spectrographic analysis of boule feed material. 
Chemical analysis shows 43.4 to 43.6 pct TiO., 43.5 
pet TiO, being the theoretical value. 


Table I. Spectrographic Analysis of Boule Feed 


Element Pct Element Pet 
Si 0.02 Pb 0.0005 
Fe <0.001 Mn <0.0001 
Al <0.001 Ww <0.01 
Sb <0.002 Vv <0.002 
Sn <0.001 Cr <0.002 
Mg 0.001 Na 
Nb <0.02 Ba <0.001 
Cu 0.0002 Ca <0.005 
K <0.1 


Frequent variations in flow characteristics and 
particle size of individual batches, however, sug- 
gested the need for a more complete investigation 
of precipitation conditions. A series of experiments 
was carried out to determine how large an excess 
of both oxalic acid and strontium chloride is re- 
quired to obtain complete precipitation. Assuming 
for the double salt the formula TiO(C.O,).Sr-2H,0, 
the amounts of oxalic acid and strontium chloride 
were varied while the amount of titanium tetra- 
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chloride was kept constant. Completeness of pre- 
cipitation was determined by analysis of the filtrate 
for Ti values. This series of experiments showed 
that the most complete precipitation is obtained 
when an excess of 25 pct of strontium chloride is 
present, together with a similarly large excess of 
oxalic acid. 

‘Previous experience had shown that dilution of 
the precipitating solutions exerts a pronounced in- 
fluence on the completeness of the precipitation as 
well as the flow characteristics of the calcined mate- 
rial. The effects of dilution were studied, therefore, 
in another series of experiments, which indicated 
that high dilutions are required to produce a free- 
flowing boule feed. 

A study of calcining conditions showed that feed 
material of optimum feeding characteristics is ob- 
tained by calcining the strontium titanium oxalate 
for 2 hr at 1000°C. The calcination is carried out 


Table Il. Physical Properties of Strontium Titanate Crystal 
Crystal system Cubic 
Unit cell size (ao) 3.90 A° 
Space group C2on 
Index of refraction 

no 2.380 

np 2.409 

nr 2.488 
Dispersion (nr-nc) 0.108 
Reciprocal relative dispersion 13 
Critical angle 24° 32’ 


Transmission range 
Specific gravity 


0.395 to >1.7u 


measured 5.122 
theoretical 5.124 
Hardness 
Mohs scale 6 to 6.5 
Knoop microindentor 595 
Melting point 2080°C 
Dielectric constant (100 kc) 310 
Loss tangent (100 kc) 0.0003 
Fracture Conchoidal 


Optical anisotropy No evidence 


in flat-bottom silica trays, in either Globar or wire- 
wound muffle furnaces. Fig. 3 represents an electron 
micrograph of a typical boule feed material; it shows 
that the ultimate particle size of the feed material 
is between 0.2 and 0.5 microns. The feed material 
actually consists of aggregates 5 to 10 microns in 
size. Prior to use in the boule burner, the calcined 
strontium titanate is screened through a 100-mesh 
nylon screen. 

Oxidation of Boules: As previously mentioned, 
when a boule is removed from the boule furnace it 
has an opaque black appearance. This color actually 
is a very dark blue, which may readily be observed 
in thin sections of the crystal. Analogous to that of 
rutile boules,’ this color indicates an oxygen-deficient 
crystal of strontium titanate in which some oxygen 
ions are replaced by electron pairs. To obtain a 
colorless transparent crystal, it is necessary to re- 
store to the crystal the missing oxygen ions. This is 
achieved by heat treating the crystal in air or oxy- 
gen at elevated temperatures until the fully oxidized 
boule appears essentially water-white. The heat 
treatment may at the same time be utilized to pro- 
duce a more strain-free crystal. 


Physical Properties of Strontium Titanate Crystals 

Hardness: Strontium titanate crystals are slightly 
softer than rutile. With a Knoop indenter, a hard- 
ness value of 595 is obtained, corresponding to 6 to 
6.5 on the Mohs scale. 

Optical Properties: Belonging to the cubic crystal 
system, the crystals are optically isotropic. When 
fully oxidized they are transparent and colorless, 
possessing a very high dispersion and an index of 
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refraction of 2.409(n>). Fig. 4 shows the refractive 
index as a function of wave length, compared to 
that of typical flint glass.“ 

The color of strontium titanate crystals is very 
sensitive to impurities, and extreme care must be 
observed throughout all production steps if color- 
less crystals are to be obtained. 

' Two basic types of colors may be observed. Colors 
ranging from light yellow to red and eventually 
black are produced by impurities such as Fe, Co, Cr, 
and V, whereas blue colors of varying intensity are 
due to the presence of trivalent titanium ions. The 
blue color may be stabilized by ions with a valence 
greater than 4, such as W, Nb, and Ta. 

The transmittance of strontium titanate over a-: 
wide range of the spectrum is shown in Fig. 5. The 
loss of transmission for wave lengths between 400 
and 1200 mm is almost entirely reflection loss due 
to the very high index of refraction of the material. 

A more complete account of the optical data is 
contained in a paper now being prepared by Levin, 
Field, and Merker.” 

Density: The density is 5.122, which is consider- 
ably higher than for rutile (4.26) or‘diamond (3.25). 

Electrical Properties: The value for the dielectric 
constant (100 Ke) is 310, with a loss tangent of 
0.0003. More complete data on the electrical prop- 
erties of strontium titanate crystals have been pub- 
lished by Linz.” The physical properties of strontium 
titanate crystals are given in Table II. 


Summary 

A process has been developed by which trans- 
parent colorless crystals of strontium titanate can 
be produced under carefully standardized condi- 
tions. Some unusual physical properties of these 
crystals indicate that they may have special use in 
optics, as well as applications in other fields. When 
properly cut and polished gem stones of great 
beauty are obtained, resembling diamond gems more 
closely than any other material known. The present 
equipment, described in this report, can produce 
boules up to 35 mm long and 15 mm in diam. 
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Coal Preparation with the Modern Feldspar Jig 


The only fine coal washer with proved automatic controls, 
the feldspar Jig is capable of good efficiencies even at low 
separating gravities, handles a variety of products, and treats 


150 tph and over. 


by G. A. Vissac 


| continental Europe the feldspar jig is used 
almost exclusively for cleaning the fine sizes of 
coal; it operates with an artificial bed, made up gen- 
erally of pieces of feldspar or of any other hard and 
heavy rock with good cleavages. 

A primitive form of this machine requiring close 
supervision was used in this country years ago, but 
output was small. The modern machines are gen- 
erally air-pulsated Baum-type jigs, with capacities 
up to 150 tph, and treat sizes from %% in. to 0, usually 
previously dedusted or deslimed. These jigs are 
equipped with very accurate and sensitive auto- 
matic controls insuring satisfactory operation even 
at low separating gravity and with feeds irregular 
in quality and quantity. This paper will deal more 
particularly with coal cleaning separation, but the 
technical studies apply equally to all minerals. 


Theory of the Feldspar Jig 

To understand fully the operation of the feldspar 
jig and to appreciate its potential value, it is neces- 
sary to measure and analyze the motion of small 
particles of various specific gravities, falling in vari- 
ous media, under various conditions. As no prac- 
tical formulas were available for that purpose, the 
writer has developed new theories and established 
new sets of formulas, which cannot be demonstrated 
here. They are applicable to all minerals and to 
many problems of coal or mineral concentration. 
These formulas do not pretend to absolute accuracy, 
but results, tested by comparison with experimen- 
tally recorded data, are sufficient for practical pur- 
poses, as they give definite indications of trends, 
relative values, and order of magnitude of the many 
factors involved. 

For pulsating motions no earlier formulas are 
available. In the case of continuous currents or 
motions, such formulas as Rittinger’s, Allen’s, or 
Stokes’, over a hundred years old, apply only to 
special shapes and sizes of particles, involve factors 
and coefficients difficult to measure or appreciate, 
and deal only with free motions. They are of little 
use in solving practical problems. 


G. A. VISSAC, Member AIME, is a Consulting Engineer, Van- 
couver, B. C. 

Discussion on this paper, TP 4037F, may be sent (2 copies) to 
AIME before Sept. 30, 1955. Manuscript, Dec. 9, 1953. Joint Ses- 
sion CIMM and Coal Div., AIME, New York Meeting, February 1954. 
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Units used with the formulas presented here are 
in the CGS system. Lateral friction and suction have 
been taken into account according to methods cur- 
rently used in aerodynamics, and only hindered 
motion is dealt with. As the feldspar jig is primarily 
intended to create a fluid bed condition, the mixture 
of fluids and solids obtained is homogeneous, and the 
apparent specific gravity of the separating medium 
is calculated accordingly. 

For instance, if 20 pct of the volume is coal and 
shale, with an average of 1.60 sp gr, in a liquid of 
1.10 sp gr, the actual specific gravity of the separat- 
ing fluid is 0.80 x 1.1 + 0.20 X 1.6 = 1.20. 

The fundamental equations are as follows: 

The general motion of a particle falling in a 
medium of specific gravity equal to u, hindered mo- 
tion, is 

dv g 


g = 981 cm per sec, acceleration of gravity, and L = 
thickness of the particle of specific gravity (s) and 
velocity (v). 

The initial acceleration 


dv 
dt 


[2] 
Ss 


is a function of the specific gravity of the particle, 
only for a given medium, and independent of its 
dimensions—an ideal separating condition. 

The terminal velocity 


Via [3] 


U 


for a given value of u, is a function of s and L. 

Two particles, L, s, and L, s., are said to be equi- 
valent if they have the same terminal velocity, and 
accordingly 

L, So— U 


[4] 


Two such particles cannot be separated by con- 
tinuous currents, in any concentrating device. 

Because the initial accelerated motion, which pro- 
vides for efficient separation, is followed by a con- 
stant velocity, which has a limiting effect, it is essen- 
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tial to determine approximate size and duration of 
the initial accelerated motion. The following for- 
mulas are submitted: 


s 
Distance of fallis H = L X —— [5] 
and 
L 
duration is T = 2 «| — x ———_—-.. [6] 
g  u(s-u) 


These formulas clearly indicate the short values cor- 
responding to small size particles. 
The strictly accurate formulas are 


[1 | [7] 
2u Vi 
and 
V; Vv 
° t [8] 
with 
dv, 


The equation of motion for upward currents or 
upsurge is 
dv 


v 
=— 2V v 9 
SL (2V, + v) [9] 
showing the destructive effect of this phase in the 
separation of equivalent particles. 

The equation of motion for descending currents 
or downstrokes is 


dv (2-n) S-U 
=n (2-n 
dt 


with o < n < 2, and velocity of the water = nV,. 
This equation indicates that with a proper down- 
surge, or suction, ideal separating conditions can be 
achieved, with acceleration, only as a function of 
particle specific gravity, and independent of particle 
size. This is the real key to the success of the feld- 
spar jig. 


[10] 


Operation 

The jig usually consists of two or three boxes in 
series, Fig. 1; each box may be divided in two or 
three cells. A typical box is divided by a vertical 
partition. On one side is the air or piston compart- 
ment and on the other the washing compartment. 
The coal is fed at one end of the washing compart- 
ment, the clean coal is washed over an adjustable 
weir by the overflowing water, and refuse drops 
into the hutch below the screen plate supporting the 
bed. A layer of bedding material, generally feldspar, 
is placed on top of the screen plate, supporting the 
bed to be stratified. The feldspar bed opens during 
the upstroke and closes toward the end of the down- 
stroke, thus acting as a foot valve, and preventing 
a drop of the whole bed en masse. Pulsations of the 
water in the washing compartment are obtained by 
the motion of a piston, or by admission and exhaust 
of compressed air in the adjacent compartment. 

The average unit box is 6 ft long and 5 ft 6 in. to 
8 ft 6 in. wide for 60 to 100 tph capacity. The screen 
plate usually has %-in. round perforations. The 
pieces of feldspar are 1x2 in. or 2x2 in. with an 
average thickness of % in. Average thickness of a 
feldspar bed is about 4 in. 
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Number of Strokes per Minute: A jig pulsation 
is a typical case of vibrating motion. According to | 
the Fourier theorem: “Any type of vibrating mo- 
tion, no matter how complicated, in which the same 
motion is repeated over and over again, may be re- 
garded as the sum of a fundamental simple har- 
monic vibration, plus other simple harmonic vibra- 
tions, whose frequencies are whole number multiples 
of the frequency of the fundamental (or har- 
monics).” 

In this case, the fundamental vibration can be 
compared to the motion of a compound pendulum 
representing the masses in motion, and the period of 
the pulsation will be given by the basic formula 


T= = 
g 


T and t are expressed in seconds; 7 = 3.14; and g = 
981 cm. L, expressed in centimeters, is the distance 
between the center of suspension of the compound 
pendulum G and its center of oscillation O as repre- 
sented in Fig. 1. 


[11] 


60 
Assuming 50 complete pulsations per min, T = ay 


= 1.2 sec, and t = 0.6, the duration of each stroke 
(upstroke plus downstroke). 

An entirely wrong conception has long prevailed 
in this connection. By use of small laboratory jig 
models, it had been found that the most suitable 
number of pulsations for small particles (about 1 
mm) should vary between 120 and 240 per min. 
However, as larger jigs were built, it was realized 
that the rate of pulsations had to be reduced in 
proportion. Large jigs, such as the Mogul, treating 
over 300 tph, operate at 30 pulsations per min. 
Smaller jigs, treating 75 tph, run at 60 pulsations 
per min. 

Obviously, considering the tremendous mass in 
oscillating motion (as much as 20 tons) the water 
must be allowed to follow its natural pulsation, and 
the equation giving the value of this natural pulsa- 


tion, namely, 
L 
T = 27 4/ — 
Ved 


indicates that it must vary as the square root of the 
length of the corresponding compound pendulum, 
that is, 
if T= 1sec (60 pulsations per min) 
TOR 
T = 2 sec (30 pulsations per min) 
for L=4 0.25 = 1m: 


[12] 


To ignore the above principles will result in dan- 
gerous pounding of the jig, waste of power, and dis- 
turbing eddies, particularly dangerous with small 
size particles. 

Length of Stroke: The length of the stroke or 
amplitude of the pulsation, A, is generally consid- 
ered as a function of the period of the pulsation and 
expressed by the following formula, attributed to 
Rittinger: 


60 


V = velocity of the water, in. per sec, required to 
hold the bed in suspension; A = amplitude of the 
stroke, in.; n = number of strokes per min. 

For example, a jig treating %4 to 0 in. coal must 
dispose of a water velocity capable of raising the 
largest pieces %4 in., or V = 6 in. 


[13] 
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| DASHPOT 


INSIDE OUTSIDE 
FLOAT 


Fig. 1—Schematic view 


of the feldspar jig bed. 


HFELDSPAR 
BED 


If it is assumed that n = 60 pulsations per min, 
then 


6 xX 60 
3.14 x 60 
and a surge of 2 in. will be required. 

Modulated Surges: The desirable shape of surge, 
that is, with the correct speed and proper timing, 
can be estimated by a proper application of the 
methods of calculation developed in the first section 
of this article. The three basic conditions already 
discussed will be found during a complete pulsa- 
tion: 1) The upstroke corresponds to a condition of 
fall in an ascending current. 2) At the top of the 
upstroke there is a leveling off of the water surge, 
corresponding to the condition of fall in a still me- 
dium. 3) The downstroke corresponds to a condi- 
tion of fall in a descending current. 

Assuming a pulsating period T = 1.2 sec (or 50 
pulsations per min), consider how two equivalent 
particles can be efficiently separated: 


At the start of the upstroke both particles rest on 
the bed. As the upstroke develops, the particles will 
start to move up as soon as the water velocity 
reaches the common value of the terminal velocity. 
As the velocity of the water increases the two par- 
ticles will move at a higher speed, and their accel- 


Table 1. Modulated Surge for Separating Two Equivalent Particles 


Distances in Centimeters 


Water Rock Coal 
u=1 L=i1imm s=2 L=2mm s=1.5 
Time in In- Cumu- In- Cumu- In- Cumu- 
Seconds crement lative crement lative crement lative 
0.1 0.20 0.20 
0.2 0.50 0.70 0.27 0.27 0.27 0.27 
0.3 1.00 1.70 0.79 1.06 0.69 0.96 
0.4 2.30 4.00 1.90 2.96 1.80 2.76 
0.5 1.00 5.00 0.79 3.75 0.69 3.45 
0.6 5.00 0.60 3.15 0.40 3.05 
0.7 0.35 4.65 0.95 2.20 0.75 2.30 
0.8 0.70 3.95 1.30 0.90 1.10 1.20 
0.9 1.05 2.90 1.65 0.75 1.45 0.25 
1.0 1.40 1.50 1.70 2.45 1.80 2.05 
1.1 1.75 0.25 2.35 4.80 2.15 4.20 
0.25 4.80 4.20 
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erations will be in direct ratio to their specific grav- 
ities; the rock will gain over the coal. 

The ideal condition of accelerated motions in prac- 
tically still water obtain at the top of the upstroke: 
each particle falls at its own acceleration, a function 
only of its specific gravity. The downstroke will 
follow, during which water velocities must be con- 
trolled below a certain figure, ending with a short 
period of sharp suction, followed by a correspond- 
ing rise. Table I gives the values of the correspond- 
ing displacements. 

At the end of the downstroke a short suction is 
necessary to withdraw the fine refuse through the 
screen plate and down the hutch. 

The upstroke is modulated by proper control of 
the down motion of the piston or of the admission 
of compressed air, the downstroke by proper regu- 
lation of the speed of return of the piston or of the 
exhaust of the compressed air. The terminal suc- 
tion is obtained by a sharp motion of the piston at 
the end of its upstroke, or of the air valve at the 
end of the exhaust period. 

In one single stroke the rock has taken an advance 
of 0.60 cm over the coal. However, as the particles 
reach lower layers, to the clean water condition, 
(u = 1) will succeed heavier media and there will 
be lower values for the individual falls and the rela- 
tive differentiations. 

The stratification will generally be completed in 
30 to 40 sec. The clean coal will then be in a top 
zone of some 5 cm which will overflow at one end 
of the wash box. The refuse will gradually sink 
to the feldspar bed, a distance of perhaps 50 cm. 

Bedding Material: The artificial bed is ordinarily 
made of pieces of feldspar. Most feldspar rocks are 
of the plagioclase group, a range of varieties such 
as albite and orthoclase, chemically silicates of 
sodium or calcium and aluminum. They all have 
two good cleavages, at an oblique angle for the 
plagioclases, at a right angle for the orthoclases. 
The hardness is 6144, and the specific gravity varies 
from 2.538 (pure orthoclase) to 2.62 and up to 2.76 
for the plagioclases. Dimensions and specific grav- 
ities of the rock used must be of suitable values to 
insure best efficiencies. 

Assume a piece of rock of dimensions L, L, and 
L/, (L/, = thickness). An ideal motion for the par- 
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Table Il. Composite Data on Washability Tests at Mazingarbe, Table Ill. Composite Data on Washability Tests at L Escarpelle, 
Sizes 2 to 8 mm Sizes 1 to 6 mm (1/25 to 1/4 In.) 

Raw Coal Middling Raw Coal Middlings 
Specific Weight, Ash, Weight, Ash, Specific Weight, Ash, Weight, Ash, 
Gravities Pet Pet Pet Pet Gravities Pet Pet Pet Pet 
Float at 1.30 32.54 1.83 4.10 1.85 Float at 1.30 70.33 pally’ 19.38 2.85 
1.30 to 1.40 54.41 3.38 17.24 4.25 1.30 to 1.40 79.38 3.26 32.66 7.04 
1.40 to 1.50 58.98 4.48 27.69 9.44 1.40 tol 83.14 4.19 47.60 11.42 
1.50 to 1.65 63.97 6.48 47.05 17.80 1.50 to 1.60 85.31 4.93 59.81 16.05 
1.65 to 1.80 67.14 8.19 60.58 23.40 1.60 to 1.70 87.03 5.68 70.70 20.30 
1.80 to 2.00 71.45 11.10 72.50 28.60 1.70 to 1.80 88.59 6.51 78.75 23.40 
2.00 to 2.20 75.83 14.36 80.13 32.20 1.80 to 1.90 90.00 7.31 85.49 26.10 
2.20 to 2.40 81.47 18.74 86.41 35.50 1.90 to 2.00 92.59 8.97 92.87 29.25 
Sink at 2.40 100.00 31.64 100.00 42.70 2.00 to 2.20 95.85 11.36 97.41 31.60 
Sink at 2.20 100.00 14.65 100.00 33.53 


ticle will be such that the duration of its fall in 
accelerated motion is at least equal to the return 
motion of the equivalent pendulum, namely 


2 
u(s-u) az 


where s is the specific gravity of the rock and wu the 
specific gravity of the medium. 

However, as in this case, the pieces of rock oscil- 
late on one edge and the weight and hence the vol- 
ume involved are reduced by half, as is also the 
average orthogonal section. The above formulas 
therefore become 


Sa L 
2 x Xx 2a 4— 
2n u X (s-u) 29 


or with 


[14] 


8 4 
45° — 5nus + 5nu* = 0 
anda—- for 
5nu + n’w? — 80 nu? 
8 


As obviously 25 n’u* = 80 nw’, then n = 3.2. 
The thickness of the pieces of feldspar should be 


less than one-third their length, and this for all 


values of wu. If, for example, n = 3.3 and u = 1, 
then s, ~ 1.7 and s, ~ 2.5. 
Under the same conditions, but with u = 1.2, it 


will be found that s, ~ 2.06 and s2 ~ 2.94. 

Another factor controlling the desirable specific 
gravity of the bed material is the average specific 
gravity of the refuse. 

When the bed is fully opened at the start of the 
downstroke, Eq. 15 


shows that if particles of refuse are to drop ahead 
of the feldspar, their specific gravities should be 
higher or as near as possible to the specific gravity 
of the material used as bedrock. This second con- 
sideration will dictate the final choice between the 
two values given by the harmonic requirement. 

Centre d’Etudes et Recherches des Charbonnages 
de France (Cerchar) has conducted considerable 
experimentation in this connection. Pieces of con- 
crete and special clay products have been tried as 
filtering material. The published results are not 
always convincing. However, they agree with the 
present writer’s conclusions, in that a rock of lower 
specific gravity than feldspar might, in certain cases, 
give better results. 


9x | [15] 
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Table IV. Summary of Performance Data in Tables II and III 
(Distribution of Errors in Feed, Weight Pct) 


Mazingarbe L’Escarpelle 
Separa- First Second Separa- First Second 
tion, Separa- Separa- tion, Separa- Separa- 
Sp Gr tion tion Sp Gr tion tion 
1.35 10.05 0.13 1.35 3.4 0.04 
1.45 38.07 0.43 1.45 17.8 0.22 
575 66.33 2.40 1.55 48.1 0.53 
1.725 84.85 14.51 1.65 70.5 24 
1.90 88.86 43.15 1.75 85.5 9.30 
2.10 100.00 71.23 1.85 84.0 21.79 
2.30 100.00 81.56 1.95 100.0 42.55 
/2.30 100.00 87.91 2.10 100.0 65.63 
2.35 100.0 83.84 
/2.50 100.0 92.77 
Specific gravity 
of separation 1.49 1.95 1.565 2.035 
Efficiency, pet 92.3 97.7 94.8 99.4 
Displaced 
material, pct 3 4.0 4.0 1.5 
Probable +0.14 + 0.20 +0.13 +0.185 
error — 0.085 —0.16 —0.08 —0.175 
Average 0.1125 0.18 0.105 0.18 
Recovery: Weight, Pct Ash, Pct Weight, Pct Ash, Pet 
Clean coal 57.00 5.6 78.50 4.0 
Middlings 16.50 42.83 12.00 33.52 
Subtotal 73.50 13.45 90.50 8.10 
Refuse 26.50 80.70 9.50 78.08 
Grand total 100.00 31.64 100.00 14.66 


The above calculations do not pretend to any great 
accuracy; their only purpose is to demonstrate the 
existence of a definite relationship between the vari- 
ous factors involved. 


Equipment 

Piston Jig-Type Coppée: The present tendency is 
toward the use of the air-pulsated feldspar jig; how- 
ever, over 60 pct of the existing equipment is of the 
piston type. A very popular type is made by the 
Belgian firm of Coppée. Total length is 108 in., total 
width 56 in., and width of the wash box 30 in. The 
washing area per box is 10 sq ft, the total washing 
area 20 sq ft. Capacity of the single-box type is 
15 tph and capacity of the compound type 20 to 25 
tph. On the average, 1000 gpm per box is used. 

In this type the first compartment is sometimes 
fitted with a screen plate with small perforations, 
with a slope of about 7° towards the refuse dis- 
charge. The second compartment only is of the feld- 
spar bed type with a horizontal screen plate. The 
first compartment in that case has a gate and dam 
refuse discharge. In the second compartment the 
refuse discharge is entirely through the filtering bed. 

Both refuse discharges are often automatically 
controlled by a mechanical refuse discharge patented 
and manufactured by Preparation Industrielle des 
Combustibles (PIC). A compartment is connected 
at its base to the hutch of the jig. Any change in 
position of float is translated by a system of trans- 
missions and compensations. If the bed becomes too 
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thin the float opens the air valve, releasing the pres- 
sure in the hutch. 

The 100-tph air-pulsated jig manufactured by 
PIC, with three compartments in series, is 10 ft 6 in. 
long and 8 ft 6 in. wide. The 66-tph unit is 10 ft 
6 in, long and 5 ft 6 in. to 6 ft wide. This jig is 
equipped with an air valve on the admission cham- 
ber, controlled by the float through an oil dashpot. 
An abnormal increase in bed thickness, due to an 
accumulation of refuse in the bed, results in closing 
of the air valve, so that less compressed air, if any, 
is allowed to leak; the air chamber receives the full 
pressure, and the pulsations their full amplitude. 
The procedure is reversed when the bed becomes 
too thin. 


The air-pulsated jig manufactured by Schuter-_ 


mann & Kremer-Baum of Dortmund, Germany, is 
similar in construction, but valves and controls are 
different. SKB uses a sliding valve controlled by 
eccentrics. Each compartment is made up of three 
cells and each cell has an air valve. An increase in 
bed thickness due to an over-accumulation of refuse 
causes increased pressure in the jig air chamber, 
resulting in stronger water pulsation in the wash box. 

New Types: Some new patented constructions 
developed in this country have been in use for over 
two years. These units, illustrated in Figs. 2, 3a, and 
3b, will be described briefly. 

Generally speaking, there is a primary box to 
make a heavy refuse, followed by one or two sec- 
ondary boxes or compartments, producing a refuse, 
a clean coal, and one or two middlings. The first box 
collects the oversize refuse, if any, and the grease, 
dirt, and pieces of iron which may plug a feldspar 
bed. This is why some manufacturers, such as 
Coppée, use a sloping screen plate in the first com- 
partment, but as they use no feldspar bed in this 
compartment they are compelled to use small per- 
forations, which are liable to get plugged, introduc- 
ing unnecessary resistance to the water. 

The present writer has developed a semi-mobile 
feldspar bed for this primary box which offers cer- 
tain advantages. Only part of the feldspar bed is 
retained on the screen plate; a certain amount is 
automatically removed with the coarser and heavier 
refuse, along with some of the foreign material, and 
extracted by the refuse elevator; at the discharge 
end of the refuse elevator there is a bar screen with 
sprays to wash the refuse, and the cleaned feldspar 
is returned to the jig. Changes in resistance of the 
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Fig. 2—The air-pulsated feldspar jig (Preparation Industrielle 
des Combustibles). 


feldspar bed itself are registered in a float compart- 
ment connected with the hutch, as the float over the 
bed may be influenced by localized conditions. In- 
side the float compartment, depending on the type 
of control, either a float or a group of electrodes is 
used. The electrodes, through a relay, control vari- 
ous electric motors. As electrodes do not involve 
any mechanical friction, they are naturally more 
sensitive than any purely mechanical system. With 
fine coal, however, considerable foam is lable to 
collect over the surface of the water in the float 
compartment. The author has solved this difficulty 
by dipping the electrodes in a floating tank contain- 
ing salt water. 

In the mechanically pulsated jig both the motor 
driving the refuse extractor and the motor driving 
the pulsators can be controlled. In the air-pulsated 
type the air valves can be controlled. 

Through modulated air or oil dashpots, a float in 
the bed or in the float compartment can control the 


Table V. Operating Performances of Feldspar Jigs 


Diffi- 
Separa- Prob- culty in Efficiency 
Weight, tion, able +0.10 Recov- 

Scene ny. and Feed Products Pet Ash Sp. Gr. Error Intervals ery, Pct 

. 6 mine, 100 tph, Clean coal ae 7.3 Ist.) 1550 0.06 7.6 
ee & 0.5 to 10 mm, Middlings 12 37.3 

Moselle 20.58 pct ash Refuse 15 71.8 2nd, 2.20 0.14 5.2 
ee ee 63 tph, Clean coal 85 11.2 1st, 1.84 0.06 9.1 

Blanzy 0.5 to 10 mm, Middlings 3 58.6 
(PIC) 21.15 pet ash Refuse 12 82.4 end; 2.10 0.10 7 
Chavanes, 63 tph, Clean coal 79 9.0 sti edk59 0.06 9 

Blanzy 0.5 to 10 mm, Middlings 3 40.0 . 
(PIC) 22.17 pet ash Refuse 18 77.0 QNOe dats 0.08 
Cransac, 65 tph, Clean coal 63.55 8.2 USte OU 0.075 10 

Aveyron 0.5 to6 mm, Middlings 2.25 47.0 
(PIC) 32 pet ash Refuse 34.25 75.0 
Central Washery, 65 tph Clean coal 60.0 ist, 1.33 0.04 7.6 
Lievin 0.5 to 10 mm, Middlings 24.0 45.4 
(PIC) 27.8 pct ash Refuse 16.0 84.6 2nd, 2.20 i 
L’Escarpelle 30 tph, Clean coal 78.5 4.09 ist; 1:56: 0.09 6 94.8 

Douai 1 to 6mm, Middlings 12.0 33.52 
(Cerchar) 14.65 pet Refuse 9.50 78.08 2nd, 2.03 0.17 5 9. 
Mazingarbe 60 tph, Clean coal 57.0 5.6 Ist; tol 0.10 9 92.3 

Bethune 0.5 to 8mm Middlings 16.5 42.8 
(Cerchar) 31.64 pct Refuse 26.5 80.7 2nd, 1.95 3 f 
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Table VI. Performance of a Group of Feldspar Jigs, Primary and Secondary Washing* 


Separa- Prob- Effi- 
Weight, Ash, tion, able ciency, 
Feed Products Pet Pet Sp Gr Error Pet 
Two primary jigs: Clean coal 30 5.2 
100 tph each Middlings 45 26.8 ie SRY) 0.06 90 
0 to 10 mm Refuse 25 76.0 2nd, 2.00 0.29 94.8 
32.7 pct ash 
One rewash jig Clean coal 46 8.8 Ist, 1.44 0.08 91 
90 tph Middlings 44 33.4 
26.8 pct ash Refuse 10 77.0 2nd, 2.00 0.15 98.1 
Composite of final Clean coal 50 6.75 
products Middlings 19.8 33.40 
Refuse 29.5 76.20 


* Data supplied by Faulquemont (Meurthe-et-Moselle) Centre d’Etudes et, Recherches des Charbonages de France. 


exhaust pressure in the air-pulsated type and the 
refuse gates in all types. 

As the operation of the feldspar jig is dominated 
by the influence of suction, control of exhaust pres- 
sure seems more logical than the regulation of in- 
take pressure employed with other designs. When 
too much fine dirt accumulates in the filtering bed, 
a sudden sharp suction is safer than a sudden in- 
crease in air pressure, which may carry some fine 
refuse over the weir with the clean coal. 


Results 
Methods of Control: Aithough it is still difficult 


As an alternative, the area of the Gauss curve 
between the 50 pct abscissae and the 0 and 100 pct 
ordinates gives the error curve. In many cases this 
method can be of great advantage, as it offers a 
more complete picture of the distribution over a 
wider range. 

On a probability graph, theoretically, the distri- 
bution is represented by a straight line, easier to 
interpolate and capable of supplying very useful 
indications on the sampling accuracy and normality 


Table VII. Results of Performance of a Dense Medium Pilot Plant® 


to define true measures of cleaning efficiencies, there EM- 
is general agreement on one point, namely, anal- Separation, Error Probable ciency, 
: Test No. Sp Gr Area Error Pet 
ysis of the distribution of particles of the same 
specific gravities, on a percentage basis, between the Table 6, 
clean coal, middlings, if any, and refuse. On the fe 
basis of these frequency distributions, the corres- 3 (% in. to Ys in.) 1.56 18 0.037 98.9 
. . 1 j 
ponding probable errors may be determined. Cumu- — gape gg (4 0 1.58 0.04 98.6 
lative results can be plotted on arithmetic coord- Test No. 
inates, resulting in the S shape or Gauss distribution 35 1.68 102 0.096 99.0 
curve.’ The ordinate of the 50 pct distribution is the 
actual gravity of separation; the ordinates at 25 pct 32 1.35 14 0.036 97.3 
i 25 1.40 13 0.032 97.1 
and 75 pct give the probable errors. 
Table VIII. Results of Performance* 
Separation, Probable Efficiency, 
Sp Gr Error Pct 
Test and Feed Size, mm Ist 2nd 1st 2nd Ast 2nd 
A—Feldspar jigs, Freyming washery** 0.7 to3 1.67 2.05 0.07 0.19 
1. 85 tph 0.7 to 10 mm raw coal 3 to 6 1.65 1.92 0.08 0.15 
25 tph crushed middling 
100 tph feed total 6 tol0 1.60 1.85 0.08 0.12 
Total 0.7 to 10 1.64 1.88 0.07 0.12 99.8 99.5 
2. 85 tph raw coal 0.07 to 3 1.65 2.32 0.12 0.23 
10 tph middling ; 
95 tph total feed 3 to6 1.52 13 0.06 0.16 
6 to10 1.50 2.03 0.05 0.12 
Total 0.7 to 10 1.55 2.15 0.07 0.16 99.6 99.6 
Clean Coal, 
Ash Pet 
B—Baum jig, Geddling, England 0.5 to 15 1.875 0.155 10.0 
160 tph total feed 15 to25 1.70 0.11 5.6 
(all sizes 125x0 mm) 
25 +to37 1.825 0.08 4.8 
37 +0162 1.71 0.04 43 
62 to 125 1.70 0.035 42 
C—Feldspar jigs, Freyming washery 0.7 to3 1.625 0.05 
90 tph 3 to6 1.55 0.07 
(test duration 2 hr, 
special bed) 6 to 10 1.475 0.06 
Total 0.7 to 10 1.55 0.06 


* From Cerchar Report 10/53, August 1953. 


** Five compartments 8x5 ft; compartments 1 and 2, refuse; compartments 3 and 4, recirculated; compartment 5, final middling. Feld- 
spar is used in compartment 1; Creramicher at 2.1 sp gr is used in compartments 2 through 5. 
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Figs. 3a and 3b—New 
types of automatic con- 
trol for air-pulsated type 
of feldspar jigs (G. A. 
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of the cleaning operation. However, one require- 
ment too often overlooked is that the choice of class 
intervals must be constant and consistent, that is, 
within a proper range, as required by the Sturges 
formula’ 

R 


1— 3.3 log N 


where 7 is the class interval and R the range of spe- 


[16] 


cific gravities considered. If R = 2.00 — 1.25 = 0.75, 
for example, then with N = 100,i = — ~ 0.10. 
For a range of 0.35 (gravities 1.45 to 1.80), —TOL05% 


Considerable information has been published by 
Cerchar in this connection. The interested reader is 
referred to its technical reports’ dealing with meth- 
ods of scientific control and their application to hun- 
dreds of careful tests made on various feldspar jigs. 
Generally speaking, the air-pulsated type indicates 
better results on a closely sized feed. The piston 
type show best results with feed of large size ratios, 
over 6:1. 

Typical Tests: Tables II through IV illustrate two 
Cerchar tests on feldspar jigs at two French col- 
lieries, namely Mazingarbe and L’Escarpelle. The 
writer’s own system of representation, however, 
will be used here. It will be noted that in most 
cases straight lines of representation have been ob- 
tained, an indication that experiments were made 
carefully and that jig operation was normal. 

In both instances tests deal with the primary jig 
only; normally the middling product will be re- 
washed. If at L’Escarpelle, for example, the mid- 
dling is rewashed at a 10 pct ash, theoretical re- 
covery will be 42 pct, or at 90 pct efficiency there 
will be an actual recovery of 37.8 pct. Calculated 
on a feed basis, 37.8 X 12 = 4.53 pct clean at 10 pct 
ash and 7.47 pct refuse at 48 pct ash. 

The final products will be 78.5 pct clean coal at 
4.09 pct ash, plus 4.53 clean coal at 10 pct ash, 
equaling 83.04 pct clean coal at 4.425 pct ash, with 
16.96 pct refuse at 64.70 pct ash. As the theoretical 
return is 83.35 pet at 4.425 pct ash, the overall effi- 
ciency is 99.4 pct. 

Other Results: A wider range of tests is given in 
condensed form in Tables V and VI, dealing with 
feldspar jigs in various French fields. As a basis of 
comparison, operating results for a dense medium 
plant, extracted in condensed form from a paper by 
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Geer, Olds, and Yancey,’ are presented in Table VII. 
Table VIII, extracted from a recent publication of 
Cerchar,* gives some comparative results of inves- 
tigations dealing with a standard type of Baum jig 
and a modern type of feldspar jig. The influence of 
sizes on actual values of specific gravity of separa- 
tion and probable error should be noted in the vari- 
ous cases presented. 


Conclusions 

A complete analysis and discussion of the results 
presented here would be impracticable. Some points, 
however, are well established: 1) The feldspar jig 
can treat efficiently all sizes of coal below % in. and 
down to % mm. 2) Efficient and accurate separa- 
tions are possible even at low gravities. 3) Excel- 
lent total organic efficiencies are possible by rewash- 
ing of the intermediate products. 4) Regularity and 
consistency of separation are insured by the use of 
extra-sensitive automatic controls. 5) No definite 
figure of probable error or of efficiency can be given 
to qualify the feldspar jig, but this is true for all 
processes. 6) The most important factor to consider 
when comparing various cleaning processes is the 
size range of the feed. 

On the Continent today the feldspar jig is the 
most popular process for cleaning fine coals (% in. 
to % mm). The Heavy Media process is considered 
the most accurate, although the range of application 
is limited to sizes over 3% in. for average Continental 
practice. For the sizes below % mm, froth flotation 
is generally used, or simply flocculation. 
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Mineral Flotation with Ultrasonically Emulsified - 
Collecting Reagents 


With the aid of emulsifiers, intense high-frequency sound 
waves are capable of emulsifying any collector in water. The 
data show also that ultrasonically emulsified collectors are 
more effective in floating minerals than the nonemulsified 


collectors. 


by S.C. Sun, L. Y. Tu, and E. Ackerman 


HE use of ultrasonics in forming emulsions is 

not new. As early as 1927 Wood and Loomis’ 
reported preparation of emulsions with ultrasonics. 
In 1935 Rschevkin and Ostrawsky’ described the use 
of great ultrasonic power in producing fine emul- 
sions of various oils and paraffin in water. Recently 
Oyama and Tanaka® employed ultra-emulsification 
to increase the effectiveness of sodium ethyl xanthate 
in flotation of chalcopyrite and galena. 

An emulsion is a two-phase system consisting of 
two incompletely miscible liquids, the one being dis- 
persed as finite droplets in the other. The dispersed 
liquid is known as the internal or discontinuous 
phase, and the surrounding liquid is termed the ex- 
ternal or continuous phase. There are two types of 
emulsions; one is oil-in-water (O/W) and the other 
water-in-oil (W/O). The word oil refers to the 
liquid other than water. Circumstances exist in 
which the emulsion type is not clearly defined, and 
the internal and external phases both contain por- 
tions of the opposite phase. This is said to be a dual 
emulsion. Among the many hypotheses* *° proposed 
for the formation of emulsions, the Bancroft’s ad- 
~ sorbed film or double interfacial tension theory is 
widely accepted. Bancroft ”* deduced that in the 
process of emulsification the interfacial tension be- 
tween oil and water is lowered by the formation of 
an emulsifying film, which contains the adsorbed 
molecules and/or ions from the emulsifying agent 
and the two liquids. This film has two interfacial 
tensions, one with the water and the other with the 
oil, which are not necessarily equal. The difference 
in interfacial tension between the two surfaces of 
the film is chiefly responsible for forming different 
types of emulsions. For example, if the interfacial 
tension between water and film is less than that be- 
tween oil and film, the film will become convex on 
the water side, thereby tending to form an oil-in- 
water emulsion. On the other hand, if the interfacial 
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Fig. 1—Apparatus for intermittent emulsification. A—Hyper- 
sonic generator. B—Hypersonic transducer bowl. C and D— 
Glass tubes. Note that glass tube D shows two immiscible 
liquid phases of rosin amine D and water and that glass 
tube C shows the ultrasonic emulsion of these two liquids. 


tension between water and film is greater than that 
between oil and film, the film will become concave on 
the water side, thereby tending to make a water-in- 
oil emulsion. In line with this theory, emulsifying 
agents soluble in water have the tendency to form 
oil-in-water emulsions, while those soluble in oil 
form emulsions of the reverse type. 

Apparatus and Experimental Procedure: The 
ultrasonic apparatus shown in Fig. 1 consisted of a 
hypersonic generator (A), Brush Development Co. 
model Bu-204; a hypersonic transducer bowl (B) 
whose resonant frequency is 400 ke per sec; and a 
round-bottomed glass tube (C) of 2.2 em ID and 21 
cm in length. The acoustical output power of the 
hypersonic transducer bowl was standardized with a 
Hewlett Packard vacuum tube voltmeter, model 
410B, across the hypersonic generator output. The 
glass tube, containing the materials to be emulsified, 
was placed 1 cm above the central surface of the 
transducer bowl, which was filled with water as 
shown in Fig. 2. 

Ultrasonic emulsification was performed in three 
steps, although a one-step method has been used: 
1) emulsifying the predetermined amounts of col- 
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Fig. 2—Apparatus for continuous emulsification. 


lector and emulsifier in 1 cc of distilled water; 2) 
adding 10 cc of distilled water and emulsifying the 
diluted emulsion; and 3) increasing the volume to 
30 ce with distilled water and emulsifying the di- 
luted emulsion. The time ratio of the ultrasonic 
emulsification used in steps 1, 2, and 3 was about 
3:2:1 respectively. The one-step method consisted of 
placing the total 30-cc mixture of the ingredients to 
be emulsified into the glass tube and emulsifying it 
until completion. An apparatus for continuous emul- 
sification, as shown in Fig. 2, was also tested. The re- 
sults, not presented, indicated that continuous emul- 
sification is possible with this apparatus by the 
focusing of sound waves at the outlet of the two 
concentric pipes. 

In addition to the hypersonic transducer bowl, 
other types of ultrasonic generators were tested and 
proved satisfactory. These included: 1) a crystal 
type Ultrasonorator, model SL-520, with resonant 
frequencies of 400, 700, 1000, and 1500 kc per sec; 
2) a powerful high frequency siren;’ 3) an electro- 
magnetic transducer, St. Clair Type;” 4) a Ray- 
theon magnetostrictive oscillator.” No comparisons 
were made of the relative efficiencies of these other 
types of generators. 

Ultrasonic Emulsification of Collectors: The ex- 


perimental results as given in Table I and Figs. 3-5. 


show that the ultrasonic emulsification of collectors 
in water can be facilitated either by improving the 
hydrophile-lipophile balance” or hydrophilic prop- 
erty of the collector, or by increasing the intensity 
of the sound waves, or both. Emulsification 1s re- 
tarded or even inhibited whenever the collector is 
highly lipophilic and/or the sound intensity is low. 
Results also show that emulsification of a collector 
in water without the presence of an emulsifier is 
much more easily performed at a low concentration 
than at a high concentration of the collector. 
Concerning hydrophile-lipophile balance, termed 
HLB, Table I indicates that without the presence of 
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emulsifier the highly lipophilic collectors exempli- 
fied by Nujol and Armeen 18D are much more diffi- 
cult to emulsify in water than the highly hydro- 
philic collectors represented by potassium ethyl 
xanthate and Turkey red oil. This difference is at- 
tributed to the fact that a lipophilic collector having 
a low HLB is practically water-repellent and has a 
high interfacial tension with water, whereas a hy- 
drophilic collector having a high HLB is practically 
water-avid and has a low interfacial tension with 
water. This is in agreement with the fact” that a low 
interfacial tension assists the formation of an oil-in- 
water emulsion. Fig. 3 and Table I show that a suit- 
able emulsifier or a combination of emulsifiers pro- 
motes the formation of an emulsion and aids the 
stability. This is due to the fact that emulsifiers 
having a high HLB are capable not only of solubil- 
izing the collector and lowering the interfacial ten- 
sion between the collector and water but also of 
protecting the dispersed particles of the collector 
from coalescence. As mentioned before, emulsifiers 
with a high HLB are hydrophilic and tend to form 
O/W emulsions, whereas those with a low HLB are 
lipophilic and tend to form W/O emulsions. 

Regarding sound intensity, Fig. 4 indicates that at 
a constant sound frequency the emulsifying power of 
ultrasonics increases with an increase of the inten- 
sity of the sound waves. This can be explained by 
the fact that the occurrence of cavitation, which is 
responsible for the mechanism” of ultrasonic emul- 
sification, is enhanced by the increase of sound in- 
tensity. When intense sonic energy is sent through a 
system of two liquids to be emulsified, the molecules 
of the liquids are violently agitated and torn apart, 
causing the formation of cavities. The collapse of 
cavities an instant after formation may result in 
an effective pressure equivalent to several thousand 
atmospheres.” “ Such enormous forces could account 
not only for mixing the liquids but also for breaking 
up or dispersing the internal phase in the external 
phase of the emulsion, so that the dispersed particles 
are sufficiently small to prevent coalescence. It 
should be noted that the indicated sound intensities 
of Table I and Fig. 4 were calculated by multiplying 
the measured electrical input power of the trans- 
ducer with the conversion factor of 0.46. The sound 
intensity at the focus may be several hundred times 
larger than the values thus calculated, which are 
valid only at the bowl surface. 


Considering the concentration of collector, Fig. 5 
shows that for a given sound intensity, the acousti- 
cal time for emulsifying oleic acid in water without 
the aid of an emulsifier increases with an increase of 
oleic acid. This is also true for other collectors, par- 
ticularly those of low solubility. An explanation of 
this phenomenon may be found in the facts that 1) 
the excess amount of collector, which is not water- 
soluble and has to be emulsified by sound waves, in- 
creases with higher concentration of the collector; 
2) the viscidity of the resulting emulsion, which in- 
creases with higher concentration of the emulsion, 
may become high enough to retard the formation of 
cavitation after a certain portion of the collector is 
emulsified, and emulsification of the remaining non- 
emulsified portion of the collector proceeds at a 
much lower rate; and 3) the dispersed particles of 
collector tend to be more coalescent in a concen- 
trated emulsion than in a dilute emulsion. In con- 
trast, in the presence of emulsifiers and intense 
sound waves, emulsions of high concentration can be 
prepared from any collector, regardless of its solu- 
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Fig. 3—Effect of the concentration of an emulsifier on the 
acoustical time of ultrasonic emulsification at 400 kc per 
sec frequency and 1.19 watts per cm acoustical output 
power. Concentration of emulsifier Aerosol OS (Curve 2) is 
shown by top scale; concentration for Aerosol OT (Curve 1) 
and HCI (Curve 3) is shown on lower scale. 


ImFLAT-BOTTOMED GLASS TUBE 
2-ROUND- BOTTOMED GLASS TUBE 
Z 60 
= 
Ww 
= 
kK 40 
| 
> | 2 
20 
@ 5 | 
% 2 4 6 8 JO 


OLEIC ACID IN WATER, GM/L. 


Fig. 5—The acoustical time for producing oleic acid-in- 
water emulsions at various concentrations of oleic acid and 
with different shapes of glass tube, tested with a hypersonic 
transducer bowl of 400 kc per sec, sound frequency, and 1.2 
watts per cm” acoustical output power. 
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acoustical time for emulsifying collectors in water at a con- 
stant frequency of 400 kc per sec. 
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Fig. 6—Flotation of a bituminous coal with an ultrasonically 
emulsified and nonemulsified collector and a 0.09 Ib per ton 
pine oil frother under various conditioning times. Note that 
the amount of collector used for each flotation test was 0.4 
Ib per ton paraffin wax, 0.04 Ib per ton Span 40, and 0.04 
Ib per ton Tween 40. 


bility, as indicated in Table I and Figs. 3 and 4. 
Fig. 5 shows that a round-bottomed glass tube is 
more effective in ultrasonic emulsification than a 
glass tube of the same size with a flat bottom. This 
is because there is less reflection of the incident 
sound waves with the former than with the latter, as 
can be visualized from the concave shape of the 
piezoelectric materials of the transducer bowl. 
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Flotation: Tests on the flotation of minerals with 
ultrasonically emulsified and nonemulsified collec- 
tors were performed in a laboratory Fagergren flota- 
tion machine. Except where otherwise stated, the 
amount of mineral used for each test was 300 g. Re- 
sults, as given in Table II and Fig. 6, were obtained 
by first floating a mineral with a collector ultra- 


sonically emulsified in the presence of an emulsifier, 
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Table |. Ultrasonic Emulsification of Collectors in Water with a Hypersonic Transducer Bowl at a Constant 
Frequency of 400 Kc Per Sec 


Collect Acoustical Approxi- Maximum 
ollector Emulsifier Intensity§ Acousti- mate Concentra- 
at Bowl cal Time Number Stability tion of 
’ on, atts cation, sifying ing Emul- ested, 
No. Name G Per Liter Name G Per Liter per Cm2 Min Stages sion, Days G Per Liter 
1 Paraffin wax 15.0 Span-60 27, 1.68 35 3 >120 150 
ee wax : issapol-N 8.9 1.68 
2 Light coal tar* Aerosol-OS 18.3 1.68 
¢ Lissapol-N 17.6 
3 Nujol 29.1 Lissapol-N 2.5 1.19 10 3 S15 290 
3A Nujol 45.0 Span-40 0.6 1.19 12 3 >15 290 
Tween-40 0.6 
4 Unitol** 5.5 NaOH 0.4 1.68 5 3 >120 25 
: Aerosol-OS 1.0 
4A  Unitol** Aerosol-OS 1,19 1.32 18 3 >30 25 
5 Armeen 18D*** 3.3 Oo 0 1.68 30 3 2 5 
5A Armeen 18D*** SY} Hel 0.4 1.68 12 3 >20 10 
6 Armeen 16D*** 3.3 0) 0 1.19 25 3 2 7 
6A Armeen 16D*** aH Hel 0.2 1.19 9 3 >20 14 
7 Reagent 444* 4.0 Oo 0 1.68 25 3 2 30 
8 Aerofloat 33+ 3.5 Aerosol-OS 1.0 1.68 22 3 4 35 
9 Aerofloat 242+ 5.0 Oo 0 1.68 20 3 2 10 
9A Aerofloat 2427 5.0 Aerosol-OS 0.8 1.68 14 3 D 15 
10 Pine tar oilt 9.0 Aerosol-OS 33 1.68 6 3 >120 50 
10A_—Pine tar oilt 9.0 Aerosol-OT 4.3 1.68 12 3 >60 25 
10B_‘—*Pine tar oilt 4.5 Lissapol-N 4.1 1.68 12 3 >30 15 
11 Rosin amine D§ 3.0 (e) 0 1.19 18 3 2 10 
11A_ Rosin amine D§ 3.0 Hel 0.2 1.19 6 3 >20 15 
12 Oleic acid 2.0 Oo 0 1.68 5 3 3 12 
12A Oleic acid 2.0 O 0 1.19 9 3 3 10 
13 Lauryl amine 3.0 0) 0 1.68 5 1 5 35 
14 K-eth.-X 10.0 Oo 0 1.19 7 3 5 30 
15 Turkey red oil 10.0 @) 0 1.19 3 i 7 80 


*Barrett Div., Allied Chemical and Dye Corp. 
** Union Bag and Paper Corp. 
*** Armour Co. 
j American Cyanamid Co. 


+ Newport Industries Corp. 
§ Hercules Powder Co. 
§§ Calculated. 


Table Il. A Comparison Between the Ultrasonically Emulsified and Nonemulsified Collectors in the 
Flotation of Minerals 


Flotation Recovery, 
Pct 
Collector Emulsifier Mineral 
Ultra- 
Concen- Concen- Parti- Condi- Flota- sonically Non- 
tration, tration, cle tioning Frother,** tion Emulsi- emulsi- 
Test , Lb Per Lb Per Size, Time, Lb Per Time, fied Col- fied Col- 
No. Name Ton Name Ton Name Mesh pH Min Ton Min lector lector 
1 Paraffin wax 0.4 Span-60 0.04 Bituminous —35 0.0 PO., 0.09 3 80.5 
Tween-60 0.04 oal* 
1A Paraffin wax 0.4 Span-60 0.04 Bituminous —35 bef 1.0 PO., 0.09 3 82.2 51.5 
Tween-60 0.04 coal* 
1B Paraffin wax 0.4 Span-60 0.04 Bituminous —35 7.7 2.0 PO.,0.09 3 83.0 55.9 
Tween-60 0.04 coal* 
2 Light coal tar 0.4 Aerosol-OS 0.89 Bituminous —35 iss) 0.5 PO., 0,09 1 83.6 40.5 
Lissapol-N coal* 
2A Light coal tar 0.4 Aerosol-OS 0.89 Bituminous —35 (AS 0.5 PO., 0.09 OY 94.2 47.3 
Lissapol-N 1.12 coal* 
3 Nujol 0.4 Span-40 0.003 Bituminous —35 8.5 0.0 PO., 0.09 3 66.1 44.2 
Tween-40 0.003 coal* 
3A Nujol 0.4 Span-40 0.003. Bituminous —35 8.5 1.0 PO., 0.09 3 69.9 56.1 
Tween-40 0.003 coal* 
3B Nujol 0.4 Span-40 0.003. Bituminous —35 8.5 2.0 PO., 0.09 3 71.8 61.1 
Tween-40 0.003 coal* 
4 Unitol 0.5 NaOH 0.04 Cassiterite —100 6.2 2.0 HA.,0.09 33 94.5 28.6 
Aerosol-OS 0.10 
4A Unitol 0.5 Aerosol-OS 0.13 Siderite —65 6.2 2.0 HA.,0.09 1 37.4 21.6 
4B Unitol 0.5 Aerosol-OS 0.13 Siderite —65 6.2 2.0 HA.,0.09 3 48.0 28.2 
5 Armeen 18D 0.08 HCl 0.0003 Quartz —100 6.2 2.0 HA.,0.09 2 82.9 69.0 
6 Armeen 16D 0.30 HCl 0.0003 Siderite —65 6.2 2.0 HA.,0.09 2 30.9 13.4 
uf Reagent 444 0.10 oO 0 Sphalerite —100 7.0 2.0 HA.,0.09 3 32.17 23.47 
8 Aerofloat 33 0.08 1) 0 Galena —100 7.0 2.0 HA.,0.09 2 65.8 52.9 
9 Aerofloat 242 0.12 Oo 0 Galena —100 7.0 2.0 HA.,0.09 2 97.6 86.2 
10 Pine tar oil 0.36 Aeorosol-OS 0.09 Quartz —100 6.2 2.0 HA.,0.03 3 T1LSe 41.3t 
10A Pine tar oil 0.36 Aeorosol-OS 0.09 Siderite —65 6.2 2.0 HA.,0.03 3 Dave 27.14 
11 Rosin amine D 0.38 @) 0 Zircon —200 7.3 2.0 HA.,0.03 1 90.88 48.48 
11A Rosin amine D 0.38 Oo 0 Zircon —200 (033 2.0 HA.,0.03 2 92.7§ 60.2§ 
12 Oleic acid 0.12 (e) 0 Zircon —200 6.7 2.0 HA.,0.03 2 55.98§ 28.78§ 
13 Lauryl amine 0.10 Oo 0 Quartz —100 7.5 2.0 HA.,0.09 i 93.6 82.7 
14 K-eth.-X 0.08 Oo 0 Galena —100 7.0 1.0 HA.,0.09 1 92.5 81.6 
15 Turkey red oil 0.50 Oo 0 Breuer —35 bias) 0.5 PO.,0.09 2 90.4 83.1 
coa 


* Bituminous coal was obtained from the Buckeye Coal Co., Nemacolin, Pa. 
** PO., pine oil; HA., hexyl alcohol. 
+ 0.05 Ib per ton CuSO, was used as activator. : : : 
+ 0.25 Ib per ton CuSO. and 800 gm mineral were used respectively as activator and flotation feed. 
§ 0.25 lb per ton sodium silicate and 800 gm mineral were used respectively as activator and flotation feed. 
§§ The amount of mineral used for each flotation test was 750 gm. 


TRANSACTIONS Al 


ME 


JULY 1955, MINING ENGINEERING—659 


Table Ill. Effect of Ultrasonic Emulsification on the Frothability of 
Collectors, Tested at 19.2 Mg Per Liter Concentration, 71.6 CC Per 
Sq CM Per Min Rate of Aeration, and 7.0 pH Value 


Volume of 
Froth Meas- Stability of 
ured at End Froth Meas- 
of 4-Min ured at End of 
Time of 6-Min Time of 
Aeration, Aeration, 
Collector Cc Per Cm2 Sec Per Cm* 


Ultrasonically emulsified lauryl 
amine 0.5 13.6 


Nonemulsified lauryl amine Trace 22), 1 
Ultrasonically emulsified oleic 

acid 0.4 16.7 
Nonemiulsified oleic acid 0.2 17.5 


*The stability of froth was calculated by dividing the time 
elapsed until the froth disappeared by the height of the froth col- 
umn and is expressed in seconds per cm. 


and then floating the mineral with the same collector 
and emulsifier without either ultrasonic emulsifica- 
tion or premixing. Results show that ultrasonic 
emulsification can be employed for: 1) converting 
solid hydrocarbons into oily collectors; 2) increasing 
the collecting power of collectors, particularly the 
insoluble and slightly soluble ones; and 3) shorten- 
ing the conditioning time of collectors. Furthermore, 
collectors of high viscosity and low solubility can be 
dispersed in water to form fluid emulsions by means 
of ultrasonic emulsification and thus become suit- 
able for direct feeding to the flotation cell or condi- 
tioning tank. The fluidity and concentration of the 
collector-in-water emulsions can be further adjusted 
by addition of water. As a result ultrasonic emulsi- 
fication is expected to be useful not only for reducing 
consumption of collecting reagents and shortening 
conditioning time, but also for eliminating the diffi- 
culty of using and handling the highly viscous 
collectors. 

It is postulated here that the above flotation phe- 
nomena are chiefly caused by the reduction of drop- 
let size and the increase in hydration of collectors 
through ultrasonic emulsification. Considering drop- 
let size, the very fine droplets of an ultrasonically 
emulsified collector, having a large specific surface 
area and a high degree of unsaturation, are capable 
not only of contacting more mineral particles but 
also of being more reactive in a flotation cell than 
the relatively coarse droplets of the same collector 
subjected to no ultrasonic emulsification. Regarding 
hydration, the fine droplets of a collector-in-water 
emulsion, having an external phase of water or col- 
loid hydrate, are dispersible or soluble in water and 
consequently can be effective in the mineral pulp of 
a flotation cell with a much shorter conditioning 
time than the same collector subjected to no ultra- 
sonic emulsification. Furthermore, the frothability 
of some of the frothable collectors, usually the less 
soluble ones,” * is also increased by the dispersing 
and hydrating effects of ultrasonic emulsification. 

Experimental evidence in support of this postu- 
late was established first by agitation of 2 liters of 
distilled water and 0.1 gm of collector in a laboratory 
Fagergren flotation cell for 2 min. The droplet size 
of the resulting solution was then determined with a 
high-power microscope, and finally the insoluble 
portion of the collector remaining on the liquid sur- 
face was estimated with a magnifying glass and 
suitable illumination. The data show that in the 
absence of ultrasonic emulsification the resulting 
solutions of the soluble collectors, such as potassium 
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ethyl xanthate and reagent 301, are dominated by 
droplets of approximately 8 to 20 microns in size, 
although a few coarse droplets of 40 to 70 microns 
were also observed. In contrast, the resulting solu- 
tions prepared from the ultrasonic emulsions of the 
same collectors are dominated by droplets about 1 
micron in size. This difference in droplet size be- 
comes even more pronounced with the less soluble 
collectors such as Nujol, Unitol, and Armeen 18D. 
The data show also that the above cited less soluble 
collectors are only partly dissolved in water at the 
end of the agitation and that the ultrasonic emul- 
sions of the same collectors are totally and instanta- 
neously dissolved in water. Tests on the frothability 
of collectors were performed in a previously de- 
scribed frothmeter.” * The results, as given in Table 
III, show that ultrasonic emulsification increases the 
frothing power but decreases the froth stability of 
lauryl amine and oleic acid. Compared with the im- 
portance of droplet size and hydration, the role 
played by the frothing properties of the collectors 
is insignificant and can be neglected. This is particu- 
larly true when a frother is used in the flotation 
operation. 
Summary 

With the aid of emulsifiers, intense high-frequency 
sound waves are effective in emulsifying any col- 
lector in water. The ultrasonic emulsification of col- 
lectors in water can be facilitated either by im- 
proving the hydrophilic property of the collector, or 
by increasing the sound intensity, or both. In the 
absence of an emulsifier, the acoustical time for 
emulsifying a collector in water generally increases 
with an increase of the concentration of the collector. 
The ultrasonically emulsified collectors are more 
effective in the flotation of minerals than the non- 
emulsified collectors, particularly the insoluble and 
slightly soluble ones. 
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Application of Geology to the Discovery Of 
Zinc-Lead Ore in the Wisconsin-Illinois-lowa District 


Detailed stratigraphic studies in the Wisconsin-Illinois-lowa district have made it 
possible to map the folds and faults that controlled the deposition of the zinc-lead ore. 
Prospecting on the basis of this mapping and prospecting in lower zones that are poten- 
tially ore-bearing have led to discoveries of ore. 


Allen F. Agnew 


EOLOGIC studies for the Federal and State 

governments in the Wisconsin-Illinois-Iowa 
zinc-lead district were begun in 1835, and subse- 
quent surveys were made in the three states at in- 
tervals until 1916, see Table I. 

The current study of the district, Fig. 1, by the 
U. S. Geological Survey was begun in 1942 in the 
hope that a systematic investigation would help in- 
crease production of zinc and lead, then in ex- 
tremely short supply. Major emphasis of the USGS 
program was on detailed mapping of the geologic 
structure and ore deposits. Preliminary maps and 
reports covering localities of intensive mining ac- 
tivity have been published during the course of this 
study, Fig. 2. By 1950 the objectives of the study 
by the USGS were revised; 742-min quadrangles of 
relatively unprospected localities as well as inten- 
sively mined localities are now being mapped in 
Wisconsin. Since 1945 the investigation in Wiscon- 
sin has been made in cooperation with the Wiscon- 
sin Geological and Natural History Survey, and 
since 1951 the geologic mapping of areas of particu- 
lar interest in Iowa has been performed in coopera- 
tion with the Iowa Geological Survey. At intervals 
since 1943 the Illinois State Geological Survey has 
mapped the geologic structure and ore deposits of 
localities in the Illinois part of the mining district, 
see Fig. 2. 

Geology was applied by mining company person- 
nel as early as 1853, but only sporadically, with 
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Survey, Platteville, Wis. 
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periods of greater application between 1890 and 
1925. Much of the so-called geologic work was in 
reality mining engineering. Since 1946 the major 
mining companies in the district have employed ge- 
ologists who have successfully applied geologic tech- 
niques in the search for ore. 


History of Mining 

Occurrence of galena in the district was known 
as early as 1658 or 1659, when French explorers 
heard of lead mines that were apparently in the 
vicinity of Dubuque, Iowa. In 1690 a trading post 
was established near Dubuque to obtain galena. 
The first significant attempt at mining by white 
men took place in 1788 when the Indians granted to 
Julien Dubuque mining rights for 20 miles along 
the west side of the Mississippi River, including the 
vicinity of Dubuque, Iowa. By 1805 lead was being 
mined near Galena, Ill. In 1819 permanent settle- 
ment of the region was begun, and most of the im- 
portant lead-producing areas had been found by 
1830, see Fig. 3. Lead production in the Wisconsin- 
Illinois-Iowa district between 1830 and 1871 far ex- 
ceeded that of any other district in the U. S.’ 

Smithsonite was first mined in 1859, and sphaler- 
ite was mined as early as 1867. After 1873 the pro- 
duction of sphalerite exceeded that of smithsonite. 

In 1873 annual zine production from the district 
first equaled lead production, and from then until 
1893 production of zinc and lead was roughly the 
same. Since 1893 the ratio of zinc to lead mined has 
generally ranged between 5:1 and 20:1. 

In 1942 the Wisconsin-Illinois-Iowa zinc-lead 
district ranked 14th among zinc-producing districts 
of the U. S. From 1946 until February 1953 the dis- 


Table |. Former Significant Geological Surveys and Their Major Emphasis 


Geologist Wisconsin 


Owen* 


Alignment of lead- 
producing areas 


Percival*® 


Whitney” 


First general survey of the mining district (Fig. 3) 


Detailed descriptions of lead-bearing crevices 


Illinois Iowa 


Strong™ Detailed description 
of mine workings 
Chamberlin* General geologic 
conclusions 

Calvin and Bain®™ Detailed study of 
vertical joint (crevice) 
deposits—lead and zinc 

Grant” Mapped folds that con- 

; trol zine deposits 
Bain®™ Mapped folds that control the zinc deposits 
Cox? Showed localization of 


ore deposits in areas 
of thick oil rock 
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Fig. 1—Map showing relationship of the Wisconsin-IIlinois- 
lowa zinc-lead district to the outcrop pattern of ore-bearing 
strata (Platteville, Decorah, and Galena formations) and to 
the driftless area. (Taken in part from State geological 
maps, Willman and Templeton.’) 


trict ranked generally as the seventh leading pro- 
ducer of zinc. It ranked 14th among the lead-pro- 
ducing districts in February 1953. 

Copper was mined intermittently from 1837 to 
about 1909, as mixed ore containing copper carbonate 
and oxide minerals. The principal mines were at Min- 
eral Point, Wis., Fig. 2, where mining ceased in 


little more than a curiosity, and shipments of the 
ore probably did not exceed 10,000 tons, of which 
some lots assayed as high as 20 pct Cu. 


Geology 


Owen’ noted that the lead deposits were confined 
to the area of outcrop of the middle and lower beds 
of his Cliff limestone, the Galena dolomite of pres- 
ent terminology, see Fig. 4. He subdivided this unit 
into cherty beds (below) and arenaceous or non- 
cherty strata (above). Percival* ° subdivided his 
Blue limestone (now the Decorah and Platteville 
formations) and since that time his excellent sub- 
divisions have been vaguely or incorrectly used by 
some authors in an attempt to clarify the strati- 
graphy. In the course of the present survey a clas- 
sification of rock units that is strikingly similar to 
that of Percival was devised for the Decorah and 
Platteville formations. Reinterpretation of existing 
subdivisions of the Galena dolomite, and further 
subdivisions of that formation, resulted in the pres- 
ent classification of that unit. 

Pre-Cambrian Rocks: Granite was reported in 
wells at Platteville and Richland Center, see Fig. 2, 
at depths of 1714 and 665 ft, respectively. Pre- 
Cambrian granite was reported at a depth of 1800 
ft in city well No. 5, Dubuque, Iowa. 

Lower Paleozoic Rocks: Cambrian strata are ex- 
posed just north of the principal mineralized area, 
see Fig. 1, and underlie the mining district. The 
Cambrian rocks are mainly sandstone and siltstone 
and aggregate 1000 to 1300 ft thick, but they are not 
important potential host rocks for zinc-lead deposits. 

The dolomite, shale, and sandstone of the Prairie 
du Chien group (Lower Ordovician) are exposed 
along the northern fringe of the major mineralized 
part of the district and in the more deeply incised 
river valleys in Wisconsin, Fig. 1. They underlie the 
remainder of the district. Dolomite in the Prairie du 
Chien is a potentially productive host rock for lead 
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Areal distribution of the St. Peter sandstone of 
early Middle Ordovician age is similar to that of the 
Prairie du Chien. This sandstone is the major aqui- 
fer of the mining district, but there is small possi- 
bility that it bears zinc-lead ore deposits. The St. 
Peter and the underlying Prairie du Chien units 
vary inversely in thickness and together aggregate 
270 to 325 ft. 

The dolomite, limestone, and shale beds of the 
Platteville, Decorah, and Galena formations (Mid- 
dle Ordovician) are at the surface in most of the 
mining district, Fig. 1; elsewhere in the district, ex- 
cept where erosion exposes the St. Peter and Prairie 
du Chien rocks, they are present in the subsurface. 
The Platteville, Decorah, and Galena rocks include 
all the currently productive strata of the zinc-lead 
district, and the subdividing of these formations into 
18 lithologic units, Fig. 4, was a major step in locat- 
ing the small folds and faults that controlled the 
emplacement of the ore. Thicknesses given are for 
unaltered rocks; alteration due to mineralizing solu- 
tions commonly has reduced the Guttenberg and 
Quimbys Mill members to less than 50 pct of their 
normal thickness and has likewise affected the Mc- 
Gregor and Ion members. Some of the lithologic 
units are recognized only locally (as certain sub- 
divisions of the Cherty unit of the Galena formation) 
and others regionally (as the subdivisions of the 
Decorah formation). Potentially productive units 
include the Quimbys Mill member and the upper 
half of the McGregor member, which have not been 
prospected in many areas of the mining district de- 
spite the fact that ore in these beds was formerly 
mined in some areas. 

Maquoketa strata of Late Ordovician age crop out 
along the northward- and northeastward-facing 
cuesta of Silurian rocks in Illinois and Iowa and 
appear on areal maps as doughnuts around the ero- 
sional outliers (locally called mounds) to the north 
and east, Fig. 1. Maquoketa beds are also present 
beneath the Silurian rocks south from the cuesta 


Table II. Significant Applications of Geology to 
Special Problems in the Wisconsin-IIlinois-lowa 
Zinc-Lead District 


& Need for geologic background noted—Daniels 
(9)*, George (37). 

& Potential value of zinc minerals recognized— 
Owen (3), Daniels (9). 

® Relationships between ore deposits and syn- 
clines recognized—Whitney (10), Chamberlin 
(34), Blake (24), Winslow (2). 

b> Areal mapping of synclines—Grant (26), Bain 
(35), Grant and Perdue (38), Scott (20). (See 
Fig. 6). 

& Relationship of faults to folds—Jenney (6), 
Behre, Scott, and Banfield (39). 

® Relationship of thick oil rock to orebodies— 
Bain (35), Grant and Perdue (38), Cox (40), 
Seott (20). 

® Production from lower zones (‘glass rock,” 
“Trenton”) predicted—Daniels (9), Grant (27), 
Grant and Burchard (41), Cox (40). 

> Possibility of production from “Lower Mag- 
nesian”—Pro: Owen (3), Daniels (9), Percival 
(4), Murrish (42); Con: Whitney (10), Chamber- 
lin (34). 

B® Mining several crevices by a central shaft— 
Whitney (30). 


* Numbers in parentheses indicate references. 


face, and at the center of each mound. The Maquo- 
keta formation, which consists of shale and some 
dolomite, is not important as a potential ore-bearing 
unit. On the other hand, these beds can possibly be 
used to detect mineralized zones beneath, as at 
places concentrations of iron, lead, and zinc sul- 
phides are found at the Maquoketa-Galena contact 
because the upward-percolating waters were di- 
verted laterally at this contact. 

Dolomite of Silurian age is distributed similarly 
to the Maquoketa but is slightly more restricted, 
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Fig. 3—Map showing lead 
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du Chien strata, and loca- 
tion of areas shown by 
Figs. 5-16. 
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Fig. 4—Stratigraphic column of Middle Ordovician strata of the Wisconsin-IIlinois-lowa zinc-lead district showing Owen’s classifi- 


cation,’ Percival’s classification,” ° 


Fig. 1. Vugs in the Silurian dolomite contain iso- 
lated crystals of sphalerite or galena, but the possi- 
bility of commercial deposits in the Silurian beds of 
this district appears to be small. 

Post-Silurian Deposits: A mantle of Pleistocene 
loess covers most of the mining district and is 
thickest near the Mississippi River. This loess and 
the residual products from the bedrock constitute 
the surficial material. 

Structure: The Wisconsin-Illinois-Iowa zinc-lead 
district lies on the south slope of the Wisconsin 
structural high of pre-Cambrian rocks. The district 
is just west of the southward extension of this struc- 
tural high (Wisconsin arch) toward the LaSalle 
anticline in Illinois. The regional dip, first noted by 
Owen’, is about 16 ft per mile south-southwestward 
across the major mineralized area. 

The strata of the district have been subjected to 
compression that produced a pattern of folds and 
faults. Although the folds, mentioned first by Owen,’ 
are generally of small magnitude (from crest to 
trough about 30 ft vertically and 1000 to 1500 ft 
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miners’ classification, author’s classification, graphic and descriptive lithology, and thicknesses. 


Owen | Percival |Miners” This paper Thickness 
terms | in feet 
Blue shale Maquoketa Shale, blue; dolomite lenses 105-160 
= 
2 Dolomite, yellowish butt, shaly 42 
2 7 
a 
n - 
2 
= 
3 7 
WA 
o 
= = fe) P EO, Dolomite, massive 38 
5 4 io 
ls Dolomite, butf to drab; chert; bentonite ot base | 32 
Q o 
alt Dolomite,.some chert, Receptaculites at midpoint \ 26 | 
= 
3 Drab 4 
B Dolomite, little chert, Receptaculites abundant 15 
° 3 
72 Dolomite, much chert 10 
ZZ 
/ Gray Gray =Z=Z4 Dolomite and shale, light gray M-15] 
io) 
Al Blue Blue Polomite, limestone and shale, gray 5-9 
ss \/ Oil rock} @ | Guttenburg Limestone and shale, brown 10-15 | 
=e Claybed| Spechts Shale, green; bentonite at base; limestone, qreenish\ 
Glass rock Quimbys Mill Limestone and dolomite; brown 0-15 
= I I 
2 = “Magnolia” Limestone, dolomite, buff 13-18 
= ITrenton| - | Z o|f® 
(233 imestone, light gray 12-17) Oo 
- 
Buff |S] | Quarry | 2 | Pecatonica j 
limestond=| = | beds Dolomite, brown 20-22 
Glenwood hale -3 
andstonelsandstone| "rock St. Peter Sandstone 40+ 


horizontally) and most are local, many fold axes can 
be traced for several miles. The trends of these 
axes are principally northeastward, northwestward, 
and eastward. 

Faults, whose potential economic value was noted 
by Jenney,’ are. of relatively small magnitude and 
of three general types—reverse, normal, and tear. 
Dip-slip displacement on the reverse faults is com- 
monly less than 6 ft, but strike-slip displacement is 
greater; on one of the tear faults it is at least 35 ft. 

A well-developed joint pattern is recognizable. 
Major joint trends are northwestward and north- 
eastward. Subsidiary joints trend eastward, and a 
very few trend northward. Control of streams by 
fractures, noted near Richland Center (Fig. 2) by 
Hobbs,’ is well displayed in certain areas, Fig. 5.* 


* See also Agnew, Flint, and Crumpton.’ 


Rock Alteration: Limestone strata, particularly in 
the Guttenberg, Quimbys Mill, and McGregor mem- 
bers, Fig. 4, have been locally dolomitized by the 
ore-bearing solutions; the result is a sugary, more 
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coarsely granular rock. Dolomitic limestone strata 
illustrate effects of dolomitization in two ways: 1) 
by bleached areas that show a change from calcare- 
ous to dolomitic cement, without apparent change in 
grain size, and 2) by thin veinlets of fine-grained 
milky dolomite. 

Leaching, especially of limestone strata in the 
Guttenberg and Quimbys Mill members, has locally 
resulted in thinning to less than 50 pct of the orig- 
inal thickness. More rarely, as little as 15 pet of the 
original thickness has been preserved, as shale and 
argillaceous residuum. McGregor and Ion strata 
have been similarly leached. 

Silica was introduced locally by the ore-bearing 
solutions and resulted in two products: 1) silicified 
Guttenberg or Quimbys Mill beds that have the 
megascopic appearance of unaltered limestone and 
shale and 2) chert nodules particularly in the Gut- 
tenberg, but also in the Quimbys Mill member. 
Chert in the cherty unit of the Galena dolomite 
seems to be more abundant near areas that have 
been mineralized, although quantitative data have 
not been obtained. 

Ore Deposits 

Minerals: The ore minerals are sphalerite and 
galena. Minerals of possible economic value are 
smithsonite, pyrite, marcasite, and barite. Principal 
gangue minerals are calcite and limonite. 

Lead Orebodies: Lead ore occurs as gash veins in 
nearly vertical joints (crevices of local terminology) 
in the noncherty unit and in the upper part of the 
cherty unit of the Galena dolomite, to depths of 70 
ft or more below the topographic surface. The ga- 
lena is present 1) as isolated crystals or clusters in a 
matrix of vuggy dolomite or dolomite sand and 2) as 
veins commonly less than an inch thick. Podlike 
masses of ore and rock, several feet wide, are pres- 
ent in leached rock at favorable stratigraphic hori- 
zons (openings of local terminology) and in a par- 
ticular opening several podlike enlargements may 
occur along a crevice. Chimneys or pipes of galena 
are in some places found at the intersections of crev- 
ices. Individual crevices have been mined along 


their strikes for as much as 1700 ft. The great num- 
ber of shafts along any particular mineralized crev- 
ice was due partly to the early miners’ aversion to 
tramming long distances underground and partly to 
the small area of each claim. A striking example of 
the regularity of pattern of these mineralized joints 
is seen in Fig. 5. 

Zinc Orebodies: Most of the zinc ore, with minor 
lead ore, has been found in the cherty unit of the 
Galena dolomite, in the Ion and Guttenberg mem- 
bers of the Decorah formation, and in the upper part 
of the Platteville formation (Quimbys Mill and Mc- 
Gregor members). The principal ore zones are 1) 
the lower 40 ft of the Galena dolomite and the Ion 
member and 2) the Quimbys Mill member. Ore oc- 
currences along inclined fractures are referred to as 
pitches and those along bedding plane separations 
are flats. These fractures are on the flanks of folds 
and, like the folds, are believed to be due to com- 
pression. In the footwall area of the pitches, which 
is locally termed core ground, the minerals replaced 
the rock and filled vugs. These pitch-and-flat ore- 
bodies, which are mined as a unit that includes the 
pitches and the intervening core ground, are as much 
as 125 ft high, 450 ft wide, and two miles or more 
long, although an average length is perhaps 1000 ft. 


Economic Application of Geology 


For the following reasons the apparent limits of 
the Wisconsin-Illinois-Iowa district, Fig. 1, are not 
necessarily the actual limits of the potentially ore- 
bearing area: 1) The regional dip to the south is re- 
sponsible for the absence of Platteville, Decorah, and 
Galena beds to the north. 2) The eastern limit ap- 
pears to coincide generally with the boundary of the 
driftless area. Platteville, Decorah, and Galena 
strata extend toward the east, but are overlain by a 
variable thickness of glacial material, and the reti- 
cence of miners to prospect for zinc-lead deposits 
through this material is understandable. Zinc-lead 
deposits may be found east of the driftless area. 3) 
The southern and western limit of the district seems 
to coincide roughly with the face of the cuesta of 
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Fig. 5—Map of area south- 
east of Platteville, Wis., 
showing drainage control 

by joints and regularity of < 
ore-bearing joint (crevice) 
pattern. (From Agnew, 
Flint, and Crumpton® and 
Heyl and Agnew.) 
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Hazel Green Special Sheet**; 10-ft contours. C. Scott”; 10-ft contours. D. Agnew, Heyl, Behre, Lyons’; 20-ft contours. 


Silurian rocks. The Platteville, Decorah, and Ga- 
lena strata may bear lead or zine orebodies to the 
south and west of this cuesta face. Economic consid- 
erations, therefore, presently limit the district on 
the east, south, and west, because of a) the greater 
depth of the ore-bearing strata, b) the lack of sur- 
face indications of ore because of overlying material, 
and c) the greater cost of pumping the water from 
the orebodies that lie to the south and west, owing 
to the greater depth. 

Most of the principal areas of lead mines had been 
discovered by 1830. After that date lead mines were 
located within these general areas either on newly 
discovered crevices or on those already worked. Be- 
cause of this, Daniels’ felt it reasonable to expect 
that “rich discoveries will yet be made upon [the] 
unexplored grounds [between these general produc- 
tive areas].’”’ On the other hand, Whitney believed 
that this “seems to indicate that a considerable por- 
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tion of the Lead Region is quite destitute of deposits 
of ore.’’” 

Surface indications of lead and zine deposits were 
numerous and obvious. This accounts for the dis- 
covery of many lead-bearing areas in the few years 
of prospecting before 1830. Most of these areas are 
well-dissected by streams, and the minerals were 
found in valley walls or on slopes. Other areas of 
mining, however, have been found on uplands, 
where plowing showed reddish-brown streaks in the 
wet soil, indicative of mineralized zones, or where 
float lead or iron minerals were brought to the sur- 
face by farming operations. With the boom in zinc 
mining that began during the 1890’s, and the accom- 
panying practice of prospecting by churn drills, ex- 
ploration expanded into these upland areas, and a 
number of lead and zinc ore deposits were found. 

During the first 70 years of prospecting in this 
district (1820’s to 1890’s) lead and zine bodies were 
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found with relative ease. In the next 30 years in- 
creasingly greater difficulty was encountered in dis- 
covering zinc orebodies, and some geologic tech- 
niques were employed by the mining companies to 
increase the chances for a strike. 


Pitch-and-Flat Zinc-Lead Deposits 
Synclines: Owen* noted that the regional dip of 
the beds is “subject to undulations,” Whitney” was 
the first to record the relationship between the ore 
deposits and synclines, and Grant was first to map 
synclines areally,** Fig. 6. 


** Strong may have prepared such a map in 1873, for Lapham 
stated that “Mr. Strong has prepared a map of the Blue Mounds 
. with the Brigham mines, showing geological formations .. . 
and also the topography by contour lines, and the depth at which 
each rock would be reached from any point.” 

Faults: The relationship of faults to the folds in 
the Wisconsin-Illinois-Iowa district and thus to the 
control of ore deposits was discovered by Jenney.° 

Oil Rock: The Guttenberg member of the Decorah 
formation normally consists of 10 to 15 ft of brown 
thin-bedded limestone with intercalated brown shale 
partings, Fig. 4. Locally, as Kay first noted,” the 
limestone component has been leached, resulting in 
a concentration of brown shale and other argillace- 
ous material; in such places the Guttenberg member 
is as thin as 2 ft. The oil rock of the miners is the 
brown shaly material. Therefore, in areas of thin 
Guttenberg, where the shale element is concen- 
trated, miners recognize a thick oil rock; in areas of 
normal Guttenberg thickness, on the other hand, 
where the shale component is scattered and obscure, 
the miners do not recognize oil rock. 

The association of many ore deposits with the 
leached Guttenberg member (or thick oil rock) is a 
feature useful in prospecting. 

Areal Structure Mapping: In 1942 and 1943 the 
USGS began areal mapping of the folds that control 
the zinc-lead orebodies. The first locality mapped, 
selected for its large number of mines and closely 
spaced drillholes, was the Hazel Green-Shullsburg 
area in Wisconsin, Fig. 2. At first the folds were 
mapped on the basis of drillhole records, but because 
the persons who logged these early holes did not in- 
terpret the stratigraphic subdivisions consistently, it 
was necessary to restudy the stratigraphy in detail. 
In 1943 and 1944, with information obtained from 
mapping the geology of more than 40 mines in all 
parts of the district and from studying outcrops 
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throughout an even more extensive area, the USGS 
determined the stratigraphic relations of the larger 
units and subdivided these units, Fig. 4, so that the 
small folds and faults could be more accurately 
mapped. During the next few years the Illinois State 
Geological Survey applied and extended this type of 
mapping in Illinois in the area just south of the 
Hazel Green-Shullsburg area, Fig. 2. 

In Wisconsin the areal geology was mapped in 
detail. Owing to dissection and thin surficial de- 
posits, outcrops are numerous, and as most of the 
holes were drilled in upland areas, geologic informa- 
tion was available in most parts of the Hazel Green- 
Shullsburg area. The detailed subdivision of the 
stratigraphic sequence made most exposures useable 
as data points for structure contouring, which in 
turn was used to establish the relation of the ore- 
bodies to the local folds and to delimit potential 
areas for exploration. Horizontal and vertical con- 
trol was obtained by plane table and telescopic- 
alidade surveys, scale 1:7920. The mapping in IIli- 
nois differed in that vertical control was obtained by 
transit and telescopic-hand-level surveys; horizontal 
control was derived from the Galena quadrangle. 

In 1946 Calumet & Hecla Inc. geologists began 
mapping the folds with information from prospect 
holes drilled on a grid pattern.” The grid is based 
on subdivisions of land survey measurements and is 
a rectangular net 660x1320 ft or 660 ft square. The 
Eagle-Picher Co. has used a square grid of 660 ft,” 
whereas The New Jersey Zine Co. drills prospect 
holes on a grid pattern based generally on 1320-ft 
spacing. This drilling was designed to obtain uni- 
formly spaced geologic data. Folds disclosed by this 
means, like those disclosed by outcrop mapping in 
other areas, are then prospected for ore deposits 
with more closely spaced drillholes. 

Other companies have used a modification of the 
grid system. In places only a simple grid is used; in 
other places lines of drillholes are spotted to cross 
the folds or trends of orebodies. The mineralized 
areas are then explored with more closely spaced 
holes, and holes are drilled along the trend of the 
ore. Geologists of the Eagle-Picher Co. and the 
Vinegar Hill Zinc Co. are currently using this 
method with success. 

Mapping in the Hazel Green-Shullsburg area” 
showed three general trends of synclinal axes— 
northwestward, northeastward, and eastward, Fig. 7. 
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Fig. 8—Plan and cross-sections of Graham-Ginte mine, Illi- 
nois, showing opposed pitches and associated crenulated area 
and cross-syncline and spoon-shaped pitch. (Geology by 
A. F. Agnew, A. VY. Heyl, Jr., E. J. Lyons, C. H. Behre, Jr., 
and R. M. Hutchinson, 1944-1945.) 


In the northwest-trending synclines orebodies 
trend northwest. They are double-pitcht bodies 


+ Double-pitch faults are opposed outward-dipping reverse faults 
containing ore. One or more ore-filled reverse faults dipping in 
the same direction are known as single-pitch faults. 


that lie along a tightly crenulated zone, see Fig. 8; 
the central anticline is accentuated by steep normal 
faults and solution-thinned Guttenberg and Quim- 
bys Mill members, see p. 784. The structure is be- 
lieved due to tectonic compression and was modified 
by solution. These northwest-trending orebodies are 
as much as 3000 ft long, 450 ft wide, and 125 ft high, 
although the average orebody is about 1000 ft jong, 
200 ft wide, and 60 ft. high. 

In the northeast-trending synclines, east-trending 
horseshoe-shaped orebodies, open to the west, occur 
en echelon. They are single-pitch bodies wrapped 
around broad folds, Fig. 9. The central part of the 
fold is broken by weak vertical joints. As very little 
evidence of solution is visible, the structure appears 
to have been the result of tectonic compression alone. 
These east-trending en echelon orebodies are as 
much as 2 miles long, 180 ft wide, and 85 ft high, 
although the average orebody is about 1200 ft long, 
120 ft wide, and 50 ft high. 

In the east-trending synclines, east-trending lin- 
ear orebodies occur. They are single-pitch or double- 
pitch bodies, each controlled by crenulations that 
contain a gentle central anticline, which is broken 
by poorly developed vertical joints. If the orebody 
is double-pitch, one pitch is commonly much better 
developed than the other. As is shown in some 
mines, single-pitch structures have a complementary 
pitch-type fracture that does not bear ore. Solution 
effects are visible, but they are not so important as 
in the northwest-trending orebodies; the tectoni- 
cally formed structures therefore have not been 
greatly modified by solution in these east-trending 
bodies. This type of orebody may be as much as 2000 
ft long, 250 ft wide, and 80 ft high, although the 
average orebody is about 1000 ft long, 125 ft wide, 
and 50 ft high. 

Four examples of the application of geology to the 
finding of orebodies in this area are: 

1) The area southeast of Shullsburg, Wis., had 
been unprospected because of its cover of Maquoketa 
strata, as mine operators thought that ore did not 
occur in areas where the ore zone was overlain by 
Maquoketa shale, and because the cover of shale 
necessitates deeper drilling. Success of the explora- 
tion program of Calumet & Hecla Inc.” in the area 
is due in large part to the combination of grid drill- 
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Fig. 10—Map of area in- 
cluding Galena, Ill., and 
Shullsburg, Wis., showing 
area covered by Maquo- 
keta shale and general 
synclinal axes that could 
be projected eastward from 
the Hazel Green-Shulls- 
burg area and northeast- 
ward from the Galena 
area. (From Agnew, Heyl, 
Behre, and Lyons”; Will- 
man and Reynolds“; Shaw 
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ing methods and outcrop mapping. This company 
projected to the east and to the northeast the syn- 
clinal axes and ore trends shown, Figs. 7 and 10, by 
outcrop mapping.”’” Carrying out its grid drilling 
program on a prediction of the continuity of struc- 
tural trends and a repetition of structural pattern, 
Calumet & Hecla was successful in locating several 
synclines, some of which contained orebodies now 
being mined. 

2) In the northwest part of Sec. 21, T. 1 N, R. 1 E, 
the juncture of northeast-trending and northwest- 
trending synclines was mapped, Fig. 7, A. In this 
vicinity several small patches of ore have been 
drilled, and recently one of the mining companies 
discovered an orebody at the juncture which was 
not known before the structure mapping. 

3) In the south-central part of Sec. 26, T. 1 N, R. 
1 E, a syncline was mapped, Fig. 7, B, showing a 
bend toward the west. This syncline is the south- 
westward continuation of the general synclinal trace 
that extends northeastward for 5 miles and contains 
at least a dozen zinc-lead mines. Recently a mining 
company discovered an orebody at the bend in the 
southwesterly projection of this synclinal trace; the 
alignment of mines had previously been projected 
inaccurately because the bend in the syncline had 
not been recognized. 

4) In the center of fractional Sec. 14, T. 29 N, R. 
1 E, south of the state line, Fig. 7, C, an orebody was 
discovered in 1947 by one of the mining companies. 
This ore occurs along the southward projection of 
one of the mapped synclinal axes. 

The outcrop mapping in the Potosi area,” Fig. 2, 
showed the two general trends of synclinal axes, 
east-southeastward and northeastward, see Fig. 11. 

In the east-southeastward synclines zinc-lead ore- 
bodies have a similar strike. These orebodies are 
said® to be controlled by single-pitch and double- 
pitch faults. Outcrop geologic mapping showed a 
pitch zone along the limb of a fold in a ravine almost 
a mile to the east of these orebodies, and a westerly 
continuation of this fold was mapped. 

Not long ago one of the mining companies dis- 
covered an orebody by drilling along this westerly 
projection. Active mining in the Potosi area has not 
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been carried on for many years, and the discovery 
lends impetus to further development of that area. 

Late in 1942, in the course of a cooperative ex- 
ploratory venture with the USGS, the U. S. Bureau 
of Mines drilled the Gray property in Illinois, be- 
cause several earlier drillholes had penetrated lean 
zinc-lead bearing material 40 to 50 ft thick, on an 
extension of the Black Jack-Pittsburg ore trace, 
Fig. 12. As a result of this drilling in 1943 the 
479,500-ton” Gray orebody was discovered. Mining 
of the ore began late in 1944. 

During the early months of drilling the Gray ore- 
body, structure contours based on the drilling on 
this property and on old records from the Black 
Jack and the Pittsburg mines to the north, coupled 
with the discovery of a pitch-type fault in an ex- 
posure just north of the Pittsburg mine, showed that 
a syncline and associated pitches controlled the 
trend of the orebodies, Fig. 12. In May 1943, there- 
fore, the USGS recommended that a line of five 
holes be drilled across the projection of this syncline 
and associated pitches about 2000 ft southeast of the 
Gray orebody. In the summer of 1943 the Illinois 
State Geological Survey mapped the outcrops in this 
area in detail, corroborated the presence of this 
syncline, and showed its regional setting.” In June 
1944 the USBM penetrated the Bautsch orebody with 
the fourth hole of the proposed five-hole cross- 
section, and by 1945 the drilling had disclosed more 
than 916,500 tons of ore.” The Bautsch orebody was 
therefore found by drilling on the projection of a 
syncline and the accompanying pitch zones. 

The above illustrations of ore discovery are cited 
as examples of the application of areal mapping of 
geologic structure. Many additional ore discoveries 
by mining company geologists are known. 

Spacing of geologic data in great part governs the 
accuracy of any structural map. Thus, orebodies 
that lie between synclines shown by outcrop map- 
ping or grid drilling would be overlooked by either 
of these methods. On the other hand, it should not 
be inferred that all synclines or all leached areas 
are ore-bearing. Many of the folds will be found to 
contain weak evidences of zinc-lead mineralization, 
or only iron minerals; others may show only the 
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Fig. 11—Map of part of 
Potosi area, Wisconsin, 
showing structure trends, 
orebodies, and potentially 
ore-bearing area. (From 
Heyl, Lyons, and Agnew.”’) 


leaching effects of the mineralizing solutions, whereas 
some folds may show no evidence of having been 
mineralized. The final answer is of course found by 
prospect drilling. 

Structural generalizations are not necessarily valid 
in all areas. For example, it is common knowledge 
that north-south orebodies are very rare in the dis- 
trict, yet note the northerly trend of the New Hos- 
kins-Cottingham No. 2 orebody (Fig. 7, D) which 
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Fig. 12—Map showing Black Jack mine workings, Pittsburg 
mine workings, Gray orebody, projected geologic structure, 
proposed and drilled initial cross-section of holes, and the 
resulting Bautsch orebody discovery, Illinois. (Data in part 
from Zinner and Lincoln.**) 
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was extremely rich. Furthermore, the structural rela- 
tions of the orebodies south of Shullsburg (Calumet 
& Hecla Inc. and Vinegar Hill Zine Co. leases) are 
not completely known as yet; detailed study of the 
mines developed in this area may show additional 
geologic controls or modifications that can be ap- 
plied in the potentially productive territory farther 
south and east. Nevertheless, the type of geologic 
mapping cited on the previous pages, if data are 
adequate, can rule out areas that are potentially 
unproductive, effecting a saving in prospecting cost. 

Lastly, although all geologists do not agree fully 
on the source of the ores, or on the precise origin 
of the pitches, these considerations do not materially 
affect the use of the surface and subsurface mani- 
festations and geometry of the geologic structure in 
prospecting. 

Structure Mapping in the Mines: Miners can 
usually follow the ore without difficulty because the 
ore in most places is easily recognizable under- 
ground and the pitches are relatively smooth and 
continuous. On the other hand, a knowledge of the 
geology, together with detailed geologic mapping 
underground, has proved valuable in several places 
to locate ore shoots that otherwise would have been 
missed. 

The Martin mine, Fig. 13, has developed a horse- 
shoe-shaped orebody in a northeast-trending syn- 
cline, Fig. 7, E. The orebody is controlled by a 
north-northeast-directed horseshoe-shaped single- 
pitch zone. 

Mining was proceeding in late 1943 near the south 
end of the west limb of the orebody easterly toward 
some drillholes that showed lean ore. The geologic 
map of the mine prepared at that time indicated 
that the ore found in these holes was part of a north- 
northeast-directed core ground” body that would 
continue at least to the end of the crosscut 400 ft 
to the north, where a drift driven easterly from the 
shaft had intersected vertical fractures that con- 
tained breccia zine ore; drillholes showed this core 
ground ore to continue 200 ft beyond the drift. As 
a result of this geologic mapping the mining com- 
pany did not cease its operations in this mine, but 
continued mining the ore in this core ground for 
24% years. 

Along the northwest and north side of the ore- 
body the geologic mapping showed several places 
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Fig. 13—Plan and cross-section of Martin mine, Wisconsin, showing geologic structure, areas indicated by geologic mapping as 
potentially productive, and area subsequently mined. (Geology by A. V. Heyl, Jr., A. F. Agnew, C. H. Behre, Jr., and E. T. Mc- 


Knight, 1943.) 


where pitches were traced into the outside wall of 
the stope; their traces were discovered again in the 
stoped area, 100 to 200 ft farther along the wall. 
This suggested that additional ore could be obtained 
by mining the intervening area. 

The Graham-Ginte mine, Fig. 8, is in an elongate 
northwest-trending double-pitch orebody, controlled 
by a gentle northwest-trending syncline that has a 
well-developed central anticline broken by steep 
normal faults. In 1944 mining was progressing south- 
ward from the old Graham mine along drilled-out 
ore. Geologic mapping by the USGS showed that 
at the south end of the Graham mine an arcuate 
pitch connected the east and west pitches at their 
lower level (Guttenberg and lower part of Ion 
beds), where an east-trending syncline crossed the 
north-trending structure. Geologic interpretation 
suggested that this pitch connected the east and 
west pitches at higher levels as well, thus forming 
an inverted spoon-shaped pitch that would be con- 


tinuous upward until the top flat was reached. On 
the basis of this interpretation the mining company 
drilled five holes in the core ground area, which was 
considered barren from evidence in the stopes along 
the east and west pitches; these holes corroborated 
the geologic interpretation, and thousands of tons of 
ore thus found in the core ground area were mined 
during the next two years. 

Interpretation of the geologic map also suggested 
that south of the cross-syncline the east pitch di- 
verged eastward; this suggests that it might be 
profitable to prospect east of the southern extension 
of the mine workings, which are along the west 
pitch zone and in the core ground. 

The Liberty mine, Fig. 14, was developed in an 
east-trending horseshoe-shaped single-pitch body. 
Geologic mapping showed that during mining the 
main pitch had been lost in an area from 200 to 400 
ft along strike east of the shaft. On the basis of the 
geologic mapping a 40-ft cross-drift was driven to 
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Fig. 14—Map of part of Liberty mine in Wisconsin showing mine workings, crosscut driven on the basis of mapped geologic struc- 
ture, and part of the orebody discovered as a result. (Geology by A. F. Agnew, A. V. Heyl, Jr., and C. H. Behre, Jr., 1943-1944.) 
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Fig. 15—Map of part of 
east end of Hoskins mine 
in Wisconsin showing loca- 
tions sampled in crosscut. 
Graph indicates MgO/CaO 
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ratio and percent insoluble 
material in Guttenberg 
limestone member. (Geol- 
ogy by A. F. Agnew and 
Analyses by Marie L. Lind- 
berg, USGS, Feb. 13, 1945.) 
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the north, the pitch zone was rediscovered and was 
then followed for 700 ft to the east, and the ore thus 
found was mined during the next two years. 

In the Wisconsin-Illinois-Iowa zinc-lead district 
some of the ore potentialities of mines are missed as 
mining proceeds. Detailed geologic mapping under- 
ground by the USGS during World War II was of 
value in discovering ore shoots and in noting the 
economic potentialities of fractures that were neg- 
lected as probably unproductive; it is suggested that 
mining companies may find it profitable to have 
their geologists do similar mapping. 

Recently block caving was introduced into this 
district. Where this method is used, parts of the 
faces of the stopes are inaccessible unless geologic 
mapping is continued each day as mining advances. 
Together with the height of the open stope (up to 
125 ft) and the haze caused by the humidity, this 


i Most of the large mines pump 2000 to 3000 gal of water per 
min. 


makes accurate geologic mapping difficult. Never- 
theless, geologic staffs can contribute to economic 
mining of the ore and should do stope mapping. 


Crevice or Vertical Fissure Deposits 

Owen’ cited the following “symptoms of lead ore 
in Wisconsin”: 1) A bench in the outline of a hill. 
2) “A small longitudinal depression, or miniature 
ravine, on a hillside.” 3) Sinkholes “in an east and 
west or in a north and south course.” 4) “Rank 
growth of vegetation in a linear direction, especially 
of plants with deep-reaching radicals.” 5) “Red ap- 
pearance of the surface.” 6) Fragments of calcite at 
the surface. (If found in large quantities, however, 
as in the southern and western parts of the district, 
it is an unfavorable sign.) 7) The presence of Re- 
ceptaculites, which is “a good indication of lead.” 
8) ‘“ ‘Gravel mineral’ (small pieces of lead ore) in 
connection with the crumbling and arenaceous ap- 
pearance of the adjacent magnesian limestone.” 

Daniels’ noted that “in the vicinity of veins the 
rocks are often so changed, as nearly to obliterate 
their usual characters.” Percival* was more specific 
when he wrote that the rock which is now called 
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the Guttenberg member is much decomposed for 
6 to 8 ft on each side of a vertical crevice, with 
normal fossiliferous limestone beyond. 

Some of the symptoms of Owen, with additions, 
are still used by prospectors and by the USGS in 
outcrop mapping. Sinkholes, vegetation marking 
traces of joints, and ocher red streaks in the surface 
material are all useful criteria. 


Other Applications of Geology 

Other applications of geologic knowledge and 
techniques to the discovery of ore deposits have 
been attempted. Some of the significant ones, or 
those that appear to show promise, are cited below. 

Geochemical Prospecting: In 1943 and 1944 map- 
ping by the USGS disclosed halos of SiO, and MgO 
in the Guttenberg and Quimbys Mill members 
around several orebodies, especially the east-trend- 
ing horseshoe-shaped single-pitch type. These halos 
were detected in the field by the hammer and acid 
bottle. The presence of the halos suggested that 
chemical analysis of the rock might be revealing, 
as the following four examples show. 

1) In the Hoskins mine, Fig. 9, samples from the 
Guttenberg member in the drift eastward from the 
main horseshoe-shaped orebody to the eastern ore- 
body showed a high percentage of insoluble mate- 
rial and a high MgO/CaO ratio near the main body, 
Fig. 15. As geologic mapping underground showed 
only slight leaching of the Guttenberg member but 
did illustrate that the rock was silicified, the in- 
soluble material is believed to be mainly SiO,. 

2) A similar increase in insoluble material near 
ore was noted in the B. A. T. mine, half a mile east 
of the Hoskins mine. In the B. A. T. mine the unit 
sampled was the Quimbys Mill member, Fig. 16. As 
in the Hoskins mine, an increase in the MgO/CaO 
ratio near ore was seen at the west end of the cross- 
drift. 

3) At the recommendation of the USGS in 1944 
the USBM sampled for magnesium content the soil 
over part of Coker No. 1 orebody (Fig. 3, A) 80 ft 
below the surface. Analysis of the soil samples 
showed an increase in the MgO content above the 
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ore.” This increase of MgO over the orebody is even 
more significant than that in the Hoskins and B. A. T. 
mines because the underlying bedrock at the Coker 
mine is dolomite rather than limestone. Thus the 
dolomitization here had affected dolomitic rocks. 

4) In at least two localities in Wisconsin, halos of 
lead and zinc have been found in soil samples taken 
above zinc-lead orebodies. At the Porter’s Grove 
and Crow Branch diggings (Fig. 3, B, C) soil sam- 
ples taken by the USGS showed high zinc and lead 
values across the projection of the alignment of 
mineralized areas where the zinc and lead minerals 
are first found as much as 150 ft below surface.” * 

The geochemical indications described above ap- 
pear significant enough to warrant further research 
along these lines. Analyses for heavy metals and 
MgO/Ca0O ratio are particularly promising and can 
be determined by microchemical analysis of drill- 
hole cuttings from so-called barren holes (barren 
of zinc-lead and even of iron minerals), from cross- 
cuts underground, and also from analysis of soil 
samples. In essence, the geochemical methods in- 
crease the size of the target. 

Geobotanical Prospecting: Owen* observed that 
“rank growth of vegetation in a linear direction, 
especially of plants with deep-reaching radicals,” 
was a “symptom” of lead ore. This concept was 
reiterated by Daniels,’ who noted that “a certain 
plant, Known as the ‘masonic’ or ‘lead weed,’ grows 
only where its roots are fed by lead ore,” and he 
stated that roots of this plant are often found 40 to 
60 ft below the surface. Daniels reports that this 
indication seems to have been learned from Indians. 

Recent observations in this district have shown 
that some old lead pits are marked by the Indian 
leadweed (large-bracted wild indigo), which has a 
large root. Cottonwoods, and in some places white 
birches, are characteristically found either in pits 
or on waste piles of old lead and zinc diggings; the 
greater acidity in the soil is probably responsible, 
in part, together with the characteristic deep root 
growth of these trees. 

Geophysical Prospecting: In 1923 a method using 
“spontaneous polarization” was applied in the Shulls- 
burg, Wis., and the Galena, Ill., areas, see Fig. 2, in 
an attempt to discover ore. In 1928 self-potential, 
applied potential, and magnetometer surveys were 
all made in the Linden and Dodgeville areas of 
Wisconsin. Not until the middle 1940’s, however, 
was any concerted attempt made to experiment with 
geophysical methods in the hope of establishing 
controls that could be employed economically as 
guides to ore. 

Since that time several private companies, the 
Illinois State Geological Survey, the USGS, and the 
Geological Society of America, have supported sur- 
veys by one or more methods, which have been 
applied locally in the search for specific orebodies. 
Methods that have been tested include self-potential 
and induced-potential, resistivity, electromagnetic, 
gravity, seismic, radioactivity, and geothermal. Some 
of these methods have shown promise, but insuffi- 
cient testing has been done, and the results of most 
of the surveys have not been released for publica- 
tion. An integrated program of research in geo- 
physical methods might provide conclusive data re- 
garding the economic value of one or more methods. 

A preliminary aerial magnetometer survey has 
been made by the USGS over part of the mining 
district, but results have not yet been published. It 
is believed that such a survey would give informa- 
tion relative to the general topography of the sur- 
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face of the pre-Cambrian rocks but would not show 
such relatively small features as the folds control- 
ling the individual zinc-lead orebodies, which are 
some 1500 ft above the pre-Cambrian surface. 

Lower Potentially Productive Zones: Daniels’ 
noted that the veins in the Galena dolomite are not 
present in the underlying “blue limestone” (Gutten- 
berg member and lower part of the Ion member) 
but “resume again in the buff-colored rock” (glass 
rock, or Quimbys Mill member). 

In 1894 Blake” withdrew attention from the glass 
rock as a potential ore host, for he held that the 
downward-percolating waters that carried the lead 
and zine were stopped at the “impervious layers of 
shale or clay [Spechts Ferry member] at the top of 
the Trenton limestone.” He continued with the 
statement that ore deposits in the glass rock are in 
places from which the overlying Galena dolomite 
has been largely removed by erosion, implying that 
these deposits are secondary and should not be con- 
sidered characteristic of the glass rock. 

Behre” revived the glass rock question by reit- 
erating Grant’s” views that in the northern part of 
the district the ore is largely below the glass rock 
and noted that “mineralized faults cross the ‘oil 
rock’ and Spechts Ferry shales.” These statements 
were an attempt to dispel the belief then held by 
many geologists that the ores, thought to be de- 
posited from descending waters, had been dammed 
above the glass rock. 

Although some mining men knew of mines that 
had been developed in glass-rock strata, prospecting 
and mining of these beds in the early 1940’s was not 
systematic; this was due partly to the additional 
water that they knew would be encountered during 
mining in these beds. Geologists stressed that zinc- 
lead production could come from these beds, par- 
ticularly below strong pitch-zone ore. As a result 
several mines were deepened to work ore in the 
glass-rock unit, and a few were developed solely to 
work glass-rock ore. At one period during World 
War II one-seventh of the production of this district 
came from ore in the glass rock. 

Since that time prospecting the glass rock has 
been standard procedure with most operators, and 
many of the current mine operations are being con- 
ducted in orebodies in the glass rock. 

Grant” noted that at the Little Giant mine (Fig. 
7, F) ore similar to that in the glass rock had been 
intersected in a shaft for a distance of 22 ft below 
the base of the glass rock. This ore, the stratigraphic 
sequence tells us, occurred in the so-called Trenton 
beds, or McGregor member. As the McGregor strata 
are argillaceous nodular limestones similar to the 
Guttenberg and Quimbys Mill members, these strata 
were recommended by geologists in the 1940’s as 
possible ore hosts in other areas. During World 
War II ore was mined from the McGregor member 
as much as 15 and 22 ft below the base of the glass 
rock, a mile north and a mile south of the Little 
Giant mine, respectively. Ore in these beds in the 
areas south of Shullsburg, south of New Diggings, 
and south of Galena has been intersected by recent 
drilling. Current prospecting technique includes 
drilling into McGregor strata in areas that appear 
favorable because of indications in overlying rocks. 

Owen® suggested that the Lower Magnesian 
(Prairie du Chien) limestone, if extensive north of 
the Wisconsin River, “may there yield veins of lead 
ore.” Galena has been mined from these Prairie du 
Chien strata at several localities north of the dis- 
trict, see Fig. 3. Recent drilling by the USGS ” has 
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shown that at least three zones of mineralized rock 
exist in this stratigraphic unit. The dolomite and 
cherty dolomite of the Prairie du Chien are ex- 
tremely tough, and the cost of breaking this rock 
during mining operations might be high. Further- 
more, the unit is characterized by rapid lateral and 
vertical facies changes from dolomite to red and 
green shales and sandstone, and this, together with 
the disconformable relationship between the Prairie 
du Chien and the overlying St. Peter sandstone, 
makes the type of lithology to be expected in even 
a local area uncertain. As a result many areas will 
be unproductive at the Prairie du Chien stratigraphic 
position because of unfavorable rock type. The 
dolomite of the Prairie du Chien does constitute a 
possibly productive lower zone, nevertheless, and 
its potentialities should be explored further. 

Mining: Owen noted’ that the lead shafts were 
usually abandoned as soon as they reached or pene- 
trated a short distance below the static water level. 
Even today this fact is mentioned by the old-timers, 
so it is logical to assume that water has been a 
factor in prospecting since Owen’s time. Potential 
lead-zinc ore still exists below the lowest workings 
in many of the crevice mines. Furthermore, zinc- 
lead ore remains below the floor of some of the 
pitch-and-flat mines, as was shown during World 
War II when many orebodies were re-entered and 
the ore below the floor was taken out. 

As was mentioned earlier, p. 785, because of the 
southward regional dip and consequent increase in 
the height that water must be pumped, orebodies 
in the southern part of the mining district and to 
the south and southwest will contribute more water 
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than those to the north; 2500 gpm is not uncommon 
in the south, whereas 500 gpm or less is all that 
need be pumped from mines in the northern part 
of the district. 


Whitney, recognizing the stratigraphic correlation 
of the openings in the Dubuque area, recommended 
that “horizontal drifts or excavations are the proper 
means of exploration, and not vertical ones or 
shafts.”” Such drifts or levels, he reasoned, would 
prospect several crevices at an opening zone and 
would also provide gravity drainage for the water. He 
later extended this recommendation to the mines 
in Wisconsin,” citing in the Shullsburg area a level 
that had been so opened and had drained water 
from numerous crevices. 


Since Whitney’s time several mines in many parts 
of the district have’ been opened in this way, both 
in crevice orebodies and in pitch-and-flat orebodies, 
and water has been drained and ore trammed to the 
surface by gravity. These orebodies could not have 
been mined economically otherwise. 


Calvin and Bain” agreed with Whitney that a 
series of crevices could be worked as one develop- 
ment by crosscuts at the levels of the openings, but 
they applied this suggestion to areas where topog- 
raphy would require a shaft, which they recom- 
mended be centrally located. They suggested fur- 
ther that raises be put up to mine upper openings. 

During recent years this method has been success- 
fully applied to the pitch-and-flat orebodies by sev- 
eral companies. Its application to crevice deposits 
might be a means of extracting bodies of lead or 
zine that can not be mined economically otherwise. 
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Conclusions 


Cooperative geological investigations by the USGS, 
the Wisconsin Geological and Natural History Sur- 
vey, and the Iowa Geological Survey, together with 
studies by the Illinois State Geological Survey, have 
shown that detailed stratigraphic work and detailed 
mapping of geologic structure have been important 
factors in the renewal of interest in the Wisconsin- 
Illinois-Iowa zinc-lead district. Certain facets of the 
geologic methods discussed in this paper had their 
origins in earlier surveys of this district, and after 
a period of disuse or even discredit, these ideas have 
been revived and are currently factors in the eco- 
nomic potential of the district. 

Detailed mapping of stratigraphy and structure 
has revealed the following: 1) Pitch-and-flat ore- 
bodies are controlled by fracture zones along small 
folds arranged along larger folds. 2) Using the de- 
tailed stratigraphic units established by this co- 
operative study, these folds and faults can be mapped 
from outcrops and supplemental drillholes. 3) De- 
tailed geologic mapping underground can help pre- 
vent losing ore shoots and misinterpretation of 
quirks of the orebodies. 4) Geochemical techniques 
show promise, especially heavy metals and MgO/CaO 
analysis. 

Applied geology has given this district an import- 
ant tool for distinguishing areas of more promise 
from less promising ones. As a result 1) the amount 
of ineffectual prospecting in potentially unproduc- 
tive areas (structurally) has been decreased, 2) the 
amount of ineffectual prospecting and development 
in potentially productive areas has been decreased, 
and 3) the effectiveness of mining of individual ore- 
bodies and parts of orebodies has been increased. 
Furthermore, the recognition of geologic controls 
and the application of this knowledge to the dis- 
covery of orebodies in recent years has attracted 
large companies (with geologists) to this district, 
which had long been considered mined out. 
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Technical Note 


A Stereographic Method of Determining the Attitude of Beds 
Intersected by Diamond Drilling 


by J. W. Mills 


HE strike and dip of bedded formations is readily 

determined by trigonometry if some marker 
horizon is intercepted by three holes. If no marker 
can be identified and if orientation of the cores is un- 
known, as is the usual case in diamond drilling, the 
determination still can be made readily by the use 
of a stereonet if the bearing, inclination, and angle 
the bedding makes with the core axis is known for 
each of the three holes. Such determination, valid 
only if the bedding orientation is fairly uniform 
within the area drilled, is considered simpler, faster, 


and more effective than any solution previously — 


published. 
Method: The steps of this procedure are as follows: 
1) Mark north and south poles on tracing paper 
placed over stereonet.* 


* Standard meridional nets, printed on heavy white cardboard, 
may be purchased from the University of Chicago bookstore. 


2) Plot the three diamond drillholes by drawing a 
line from the center of the net in the direction of the 
bearings of the holes. Then rotate the paper until 
each line, in turn, lies along the equatorial diameter 
of the net; the end of each line is determined by the 
inclination of the hole measured in degrees from the 
periphery toward the center of the net along the 
equatorial diameter. Fig. 1 illustrates a vertical 
hole and a hole inclined at —23° due east. 

3) With the projection of one diamond drillhole 
along the equatorial diameter, measure from the end 
of the hole, to the east and then to the west, a dis- 
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tance in degrees equal to the core axis-bedding 
plane angle. Find two more points by measuring 
the same number of degrees north then south along 
the great circle from the end of the drillhole. Draw 
a circle, the center somewhere along the direction of 
the projection of the drillhole, to connect these four 
points. Draw circles for the other two diamond drill- 
holes in the same manner. See Fig. 1 for two circles 
representing core axis-bedding plane angles of 35° 
and 23° and Fig. 2 for these plus a third circle repre- 
senting a core axis-bedding angle of 42° in a hole 
bearing S 50 W inclined at —52°. 

4) Rotate the tracing paper until one great circle 
on the stereonet is found which is tangent to all 
three of the circles or parts of circles derived in the 
previous step. Trace this great circle on the paper 
and join its ends with a straight line passing through 
the center of the net. The bearing of this line is the 
strike of the bedding. In Fig. 2 the bedding strikes 
N77 E. 

5) Rotate the paper until the strike is along the 
polar diameter of the net. The dip of the bedding is 
determined by measuring along the equatorial di- 
ameter the distance in degrees from the periphery 
of the net to the great circle derived in step 4. The 
dip of plane illustrated in Fig. 2 is 55° to the N 13 W. 

Fig. 3 indicates the solution for three holes whose 
bearings and inclinations are N 20 W and —43°, due 
E and —30°, S 30 W and 23° with core axis-bedding 
angles of 30°, 50°, and 43° respectively. The bed- 
ding (stippled area) strikes N 44 W and dips 70° to 
the southwest. 

Reference 


W. H. Bucher: The Stereographic Projection— A Handy Tool 
for the Practical Geologist. Journal of Geology, May 1944, vol. 52, 
no. 3. 


Fig. 1 (left)—Vertical hole and hole inclined 23° due east. Fig. 2 (center)—Additional third hole representing a core axis-bed- 
ding angle of 42° in hole bearing S 50 W inclined at —52°. Bedding strikes N 77 E. Fig. 3 (right)—Solution for three holes 
whose bearings and inclinations are N 20 W and —43°, due E and —30°, S 30 W and —23° with core axis-bedding angles of 
30°, 50°, and 43° respectively. The bedding (stippled area) strikes N 44 W and dips 70° to the southwest. 
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Blasting Research Leads to New Theories 
And Reductions in Blasting Costs 


by B. J. Kochanowsky 


ple improve blasting methods it is necessary to 
know how the explosive force acts and how rock 
resists this force. Because of the tremendous power 
developed within milliseconds and the great num- 
ber of other factors directly affecting the technical 
and economic results, an analysis of the funda- 
mentals of blasting theory is difficult. But since the 
rules used for layout design and for calculations of 
size of explosive charges are based on theoretical 
assumptions, complete knowledge of blasting theory 
has great practical importance in mining. 

Analysis of Blasting Theory: It is interesting to 
note the opinion of blasting experts with respect to 
contemporary blasting theories. F. Stussi,’ Professor 
of the University of Zurich, stated: ““We do not have 
enough experience yet to change our army engi- 
neering regulations in blasting and base it on new 
fundamentals. It is our duty to collect more prac- 
tical data and to do more research in blasting to 
close this gap.” K. H. Fraenkel,* editor of the Manual 
on Rock Blasting published in 1953 in Sweden and 
written by well-known Swedish, German, Swiss, 
and French blasting and explosive experts, said: 
“To the best of our knowledge no suitable formulas 
for civil blasting work are to be found in the Amer- 
ican, French or German literature.” 

Present blasting theory is based upon two assump- 
tions. 1) The blasting force of explosive acts in 
concentrical and spherical form. 2) Rock resistance 
against the explosive force is directly proportional 
to the strength characteristics of the rock. 

The first classical formula based on theoretical 
fundamental in blasting theory for explosive charge 
calculation was introduced by Vauban, a military 
engineer who lived 300 years ago. It was Vauban 
who proposed the famous formula L = w* q, where 
L is the explosive charge, w = line of least resist- 
ance, and q = specific explosive consumption pro- 
portional to the weight of rock. Later engineers 
used q as proportional to the strength of the rock. 
Since Vauban’s time different suggestions concern- 
ing blasting theory have been proposed. However, 
the principles stated at that time so affected the 
thinking of later generations that his formula is 
still in use and practically unchanged. 

The first controversy concerned the form of crater. 
It was found that geological features of rock affected 
its form. The factor q was analyzed thoroughly by 
Lares’ and later by Ohnesorge,* Weichelt,’ Bendel,” 
and others, but the assumption remained that re- 
sistance against explosive force is directly propor- 
tional to the strength of the rock blasted. The great- 
est controversy, which has not yet been settled, 
concerned w. It was noted that w® is more appro- 
priate for long lines of resistance and w’ for lines of 
resistance less than 15 ft. Based on the assumption 
that the explosive force acts concentrically and 
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Figs. la through 1f—Position and form of rock pile resulting 
from coyote tunnel blasting. 


spherically, spacings between charges were limited 
to distances not greater than the length of line of 
least resistance. Sometimes larger spacing is recom- 
mended, but this is due to the advantageous geo- 
logical and physical properties of rock and not to 
the action of an explosive force as such. 

In addition to the classical formula, empirical 
formulas are used widely. These state that the ex- 
plosive charge is directly proportional to the volume 
of blasted rock in cubic yards, and the amounts of 
explosive required are usually expressed in pounds 
of explosive per cubic yard of rock. 

Empirical and classical formulas are contradic- 
tory. In the empirical formula, but not in the clas- 
sical formula, explosive charge is taken propor- 
tional to all three space axes: line of least resist- 
ance, spacing, and bench height. In spite of this 
contradiction, both formulas give good results. This 
is possible because as now practiced the explosive 
charge calculation for heavy burdens need not be 
highly accurate. Each, open pit or quarry, usually 
works with a certain relation between bench height 
and line of least resistance and between charge 
spacing and line of least resistance. When these 
relations are changed, however, the specific explo- 
sive consumption q changes greatly. This is one of 
the reasons why the principles on which the for- 
mulas are based appear to be incorrect. 

In addition to the formulas discussed, others exist 
and are based more or less on the same theoretical 
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Fig. 2 (above)—Layout of coyote tunnel blasting showing ar- 
rangement of detectors. Fig. 3 (right)—Schematic character- 
istic taken by electronic oscillograph. 


principles. K. H. Fraenkel’ recently introduced an 
improved version. 

Results of Research in Blasting: Coyote tunnel 
and drillhole blasting methods were investigated at 
Thyssen-Krupp Co.’s Rheinische Kalksteinwerke at 
Wulfrath, Germany, between 1933 and 1939 and 
during the summer of 1954. Rheinische Kalkstein- 
werke is probably the second largest lime producer 
in the world and the largest dolomite producer in 
Europe. In a quarry that is the largest producer in Eu- 
rope over 2000 coyote tunnels were blasted, about 100 
per year, with charges up to 10,000 lb per chamber. 

The new principles of a blasting theory were 
established as early as 1933, with resulting tech- 
nical improvements and reductions of cost. Further 
experience and research confirmed the correctness of 
the assumptions underlying the new theory. These 
assumptions are: 

1) The blasting force of the explosive used in 
hole, chamber, or coyote acts in nonspherical form. 

2) The rock resistance against the explosive force 
is not directly proportional to the strength char- 
acteristics of the rock. 

3) The blasting resistance of rock in the direction 
of the three different axes, such as the line of least 
resistance, the bench height, and the charge spacing, 


Figs. 4a and 4b—Characteristics of wave concentration taken by electronic oscilloscope. Wave concentration due to expansion 
gas action is more violent (left) in the direction of the side arm of the coyote tunnel and less violent (right) in the direction of 
the line of least resistance. 
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is not directly proportional to the length of these 
axes. Certain relations exist between blasting re- 
sistance in these three axes. 

Theory Concerning Nonspherical Action of Ex- 
plosive Force: The shape of the explosive charge 
and the location and direction of the detonator 
within the explosive charge immediately influence 
the form, direction, concentration, and violence of 
the blast force propagation. Propagation of the ex- 
plosive force then is affected by the opposing resist- 
ance of the stemming and the rock face within the 
explosive chamber. Finally the propagation of the 
explosive force is influenced by the form, direction, 
and cross-section of the coyote or drillhole. In addi- 
tion to these factors, the total blast effect depends 
on the tectonic and physical rock properties. How 
far each of these many factors separately affects the 
explosive force in producing a nonspherical propa- 
gation still is difficult to determine. 

In 1888 Munroe found that the explosive force 
and its direction depends on the charge shape, which 
is important in military work. In mining, the shaped 
charge also is used to blast large rock pieces. It is 
suspected that the shape of the explosive charge can 
control the form of propagation of the explosive 
force, especially in coyote tunnel blasting. 
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Fig. 5 (above)—Approximate form of a pressure front due to 
expansion of explosive gases. Fig. 6 (right)—Effects of tec- 
tonics on blasting. 


The detonator produces the shock in one direc- 
tion only, and this affects direction of the explosive 
force propagation. It is known also that the damage 
to a steel pipe loaded with explosive and detonated 
at both ends will be greatest at the center of the 
pipe. This is not the result of greater energy pro- 
duction but rather of accumulating force at a given 
point. As only a small part of the explosive force is 
utilized for rock breakage, it is of practical interest 
to know how to concentrate the blast force and how 
to guide it in a desired direction. 

In coyote tunnel blasting especially, it is difficult 
to avoid empty spaces between the explosive charges 
and stemming. Stemming itself, if not of concrete, 
is never absolutely compact and does not have the 
same resistance as the rock face of the explosive 
chamber. Before the blast force breaks the rock, the 
explosive force will seek an escape in the direction 
of least resistance, that is, in the direction of empty 
spaces and stemming. Therefore the care with which 
a coyote is stemmed, the type of stemming mate- 
rial, and the direction of the side arm of the coyote 
where the explosive charge is placed will affect the 
direction and concentration of the explosive forces 
before the rock is definitely fractured and moved. 
In coyote tunnel blasting the rock starts to move 
between 30 and approximately 100 milliseconds 
after initiation, while the detonation wave and fol- 
lowing pressure of the explosive gases starts to act 
within a time much shorter than 10 milliseconds. 
The same sequence was observed in short holes 
drilled into rock or coal by means of a movie camera 
capable of taking 1200 to 2000 pictures per sec. 
These experiments made in Germany and in Japan 
showed that the stemming began to move after 2 
milliseconds, but the rock did not move until after 
7 milliseconds. 

The nonspherical action of the blasting force can 
be evaluated by comparison of the amount, form, 
and location of the blasted rock pile. It is evident 
that in a coyote loaded with an explosive but not 
stemmed, the whole blast force would escape as in 
a cannon through the side arm and entry. Experi- 
mental blasting of a stemmed entry and a partly 
stemmed coyote tunnel resulted in the stemming 
being blown out. The width and depth action of the 
blast was small, the rock pile was narrow, and the 
cost was high. The longer the entry of the coyote 
tunnel, of course, the less the effect of this kind will 
be. All subsequent experiments discussed are with 
completely stemmed coyote tunnels. Figs. la-lc 
prove that the explosive force is deviated in the 
direction of a side arm of the coyote. This is the 
reason, in Fig. la, that the width and depth blast 
action is small, the rock pile stretched, and the blast 
cost high. For the same reason, in the coyote shown 
in Fig. 1b, more explosive must be used to obtain 
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the same blasting effect. The economic result is 
shown in Fig. le. All three had the same explosive 
charge, burden, and spacing. 

In Figs. ld and le, a certain explosive charge is 
placed at the same point, but the location and direc- 
tion of the coyote tunnel with respect to this point 
and to the bench face are different. As both figures 
show, the location of the rock pile also is different, 
because the nonspherical action of explosive force 
has a tendency to escape through the side arm and 
entry of the coyote. In spite of the fact that in 
Fig. 1f w. is shorter than w,, the rock pile is located 
as shown by the contour line p, and not by the 
line ps. 

Through experiments it was found that an explo- 
sive charge, calculated for a certain length of line 
of least resistance but in different charge spacing 
and bench height, can vary three times or more and 
still produce a normal effect in coyote tunnel blast- 
ing. This is possible because of nonspherical prop- 
agation of explosive force. 

Another proof of nonspherical explosive force 
propagation was made using an electronic oscil- 
loscope furnished by Philips of Hamburg, Germany. 
Several detectors were placed along the line of least 
resistance and others in the side arm of the coyote 
tunnel, which usually is at right angles to the line 
of least resistance. The detectors were placed and 
stemmed in the short holes. The distance between 
detectors and explosive charge in each direction 
was the same. Fig. 2 shows the general arrange- 
ment. Fig. 3 shows the typical wave characteristic 
obtained from these experiments. It is assumed that 
the first wave concentration is due to the detonation 
wave action and the second due to the expansion 
pressure of explosive gases. The detonation shock 
affects the amount of fragmentation, but it is the 
expansion force of explosive gases that breaks and 
displaces the rock. In both locations the wave con- 
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Fig. 7—Partial view of the plan showing about 70 coyote 
tunnel blastings. 


centrations due to detonation shock were found to 
be similar, but the wave concentrations due to the 
expansion gases were different. It can be seen that 
wave concentration due to expansion gas action is 
more violent in the direction of the side arm of the 
coyote, Fig. 4a, and less violent in the direction of 
line of least resistance, Fig. 4b. Repetition of experi- 
ments gave the same results. 

Fig. 5 represents the approximate form of a pres- 
sure front developed by the expansion of explosive 
gases. The total blast effect is the result of blast 
force action and resistance of the rock. More in- 
vestigation is necessary to find the exact form of 
these curves and rock stress curves. 

Ignorance of the nonspherical action of blasting 
forces is the reason for many failures in civil and 
military blasting. 

Theory Concerning Rock Resistance: Of the many 
factors that may affect rock resistance, tectonic 
conditions are especially important. Fig. 6 shows 
how enormously tectonic conditions control the 
amount of rock blasted. 

Because of the nonspherical action of explosive 
force and influence of rock tectonics, the blasted 
rock generally does not have a funnel-shaped 
crater. This is confirmed by studying plans of 2000 
coyote tunnels, where the bench face before and 
after blasting can be seen, Fig. 7. For the same 
reason the blast effect cannot be measured by com- 
parison of the angle formed by the sides of the 
crater with an angle of 90° at the point where the 
explosive is placed, because the rock tectonics affect 
the angle. Larger charges will produce stronger 
blowout effect of the rock, but not necessarily a 
change of angle. 

Vauban thought the main purpose of the explo- 
sive force was to lift the rock. About 230 years ago 
B. F. de Belidor’ postulated that a part of the explo- 
sive force breaks the rock and another part lifts the 
rock. Neither opinion found recognition. Explosive 
engineers realized and have accepted until now that 
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the explosive force must be taken proportional to 
the strength of the rock. Many factors were con- 
sidered in order that rock resistance under different 
conditions might be analyzed. Since these factors 
can be determined only by estimate, more sources 
of errors were introduced. Blasting experts agree 
that for a short line of least resistance, L = w’ q; 
for a long line of least resistance, L = w*® % q is 
better, where n is a coefficient related to w. 


The theory of Belidor is the best, since it is logical 
that the explosive force has to break and lift the 
rock. It is necessary to know how much of this 
force is needed for each mentioned purpose, or one 
may be so small compared with another that it can 
be omitted without affecting the result. The rock 
breaking force will be proportional to the square 
of the line of least resistance, and lifting force will 
be proportional to the cube of line of least resist- 
ance. Thus the explosive charge L = aw’ + bw’, 
where a is the coefficient in pounds of explosive per 
square yard of rock which characterizes the strength 
of rock, and 6b is the coefficient in pounds of explo- 
sive per cubic yard which expresses the force neces- 
sary to lift a cubic yard of rock a certain height. 
This formula is useful only for an explosive charge 
located under a horizontal surface, so that height 
and length of line of least resistance are the same. 
For bench blasting, the bench height must be taken 
into consideration. Fig. 8 gives the relation between 
explosive charge L and line of least resistance w, 
where a is 1.6 lb of dynamite per sq yd and b equal 
to 0.25 lb per cu yd. More exact figures may be 
obtained in the future through more research. 


This interpretation makes it possible to explain 
different phenomena. Considering the curves in 
Fig. 8, for a short line of least resistance the explo- 
sive charge is almost entirely proportional to w’® and 
for a long line of least resistance it is almost entirely 
proportional to w*. For a short line of least resist- 
ance, where the value of aw’ is much larger than 
bw*, the explosive force is proportional to the 
strength of the rock, but the longer the line of least 
resistance the less significant this relationship be- 
comes. The same formula and diagram explain why 
the overloading of an explosive charge is more 
dangerous for blasting with a short line of least 
resistance, but not so dangerous with a long line 
of least resistance. As the force necessary to break 
the rock is greater than that necessary to cleave it, 
the tectonic conditions of the rock must be consid- 
ered in explosive charge calculations. These theories 
and the formula explain why certain rocks with 
higher strength require the same or less explosive 
charge than rocks of lower strength. 

Owing to the nonspherical action of explosive 
force and the interpretation of the classical formula 
L = aw* + bw’, a certain relation must exist be- 
tween the explosive charge and the three axes: line 
of least resistance w, bench height H, and charge 
spacing. Therefore the explosive charge cannot be 
taken directly proportional to these three axes. This 
relation was found empirically to be L = w (% w 
-+ t) (w+ H) c for T-shaped coyote tunnel blasting 
with two explosive charges, where t is the length 
of side arm of the coyote between the charge and 
the junction of side arm and coyote tunnel entry and 
c specific explosive consumption. 

Technical Improvements of Blasting Methods: 
The German Safety Authority permits only two 
explosive charges for each coyote tunnel blast. This 
restriction, and the need for lower costs, resulted 
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in the development of the nonspherical explosion 
force theory for coyote tunnel blasting. The usual 
method of placing the explosive chamber not farther 
than the length of line of least resistance was 
changed in 1933 to methods based on this new 
theory. Experiments demonstrated that in favorable 
conditions the charge spacing can be taken up to 
2.7 times and more of the length of the line of least 
resistance. For limestone at Wulfrath the best eco- 
nomic value is between 1.8 and 2.2 times the length 
of line of least resistance. As Fig. 9 shows, the prin- 
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Fig. 10 (above)—Drilling and blasting cost affected by tec- 
tonics and direction of bench face with respect to predomi- 
nant trends of the rock, viz., strike and joints. 


ciple of nonspherical action explosive force can be 
extremely useful for locating and calculating explo- 
sive charges. 

Owing to tectonic rock conditions the change in 
direction of the bench face greatly affects the amount 
of blasted rock, see Fig. 6; about 20 pct of the cost 
of explosives at Wulfrath, Fig. 10, was saved by 
changing the direction of the bench face only, with 
respect to the predominant structural trends of the 
formation, i.e., strike and joints. 

Coyote tunnel blasting can compete with the 
drillhole method where crushing is not required, 
as in stripping, or where the rock is very hard to 


Fig. 11—Various patterns of 
drillholes on a bench. The first 
hole is drilled and blasted be- 
fore the second one, etc. Ap- 
proximate height of the in- 
clined bench face of sketch G 
is 120 to 360 ft. 
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Fig. 12—Layout of inclined- 
hole drilling in high benches. 


drill and the geology of the rock is such that it need 
only be lifted to be broken into crushable size. 
Where rock extraction in one location must be com- 
pleted in a relatively short time, or where initial 
investment or operating capital is insufficient to buy 
expensive drilling machines, coyote tunnel blasting 
can be used. 

During the last few years drilling equipment has 
been highly developed, and this is one of the reasons 
coyote tunnel blasting was displaced by blasthole 
drilling methods. However, little has been done to 
improve coyote blasting. At Wulfrath 4.5 to 6 ft per 
manshift was obtained in drifting and about 9 ft 
per manshift for loading and stemming the coyotes. 
There are still many questions to be solved, and 
technical improvements through mechanization and 
cost reduction can be expected. 

Indications are that these same principles can be 
applied to drillhole blasting. Six different types of 
drillholes, A-F, are sketched in Fig. 11. Many com- 
binations are possible, and hole F is typical for holes 
of large diameter. After each kind of hole and hole 
combination shown was examined, it was found 
that the hole given in Fig. 1lg was the most eco- 
nomical. In a limestone quarry with a bench of 
360 ft, 20 holes of 2-in. diam were drilled 24 to 30 
ft long and 18 ft apart. The holes were loaded with 
2750 lb explosive (half ammonia and half gelatin) 
with which 50,000 tons of rock were blasted, or 
17.5 tons per lb of explosive and about 90 tons per 
ft of hole. Part of the explosive was used for cham- 
bering the holes. But when larger diameters or 
shorter holes are used chambering is not necessary. 
Because of the bench face inclination, the face can 
be very high without danger and without disturb- 
ing the loading operation. Production can be con- 
centrated on fewer levels and fewer operating 
points; therefore larger equipment units can be 
applied and costs can be lowered. This method was 
successfully introduced before World War II in one 
of the quarries at the Rheinische Kalksteinwerke 
and is still in use. 

The method presented in Fig. 12 could allow 
utilization of the above-mentioned advantages and 
work with less explosive and less footage per rock 
unit. In the vertical blasthole method, the explosive 
is mostly concentrated at the bottom, partly even 
beyond the toe level of the bench, where resistance 
of the rock is very great. This causes high con- 
sumption of explosive and requires a large footage 
of hole per ton of rock. The suggested method with 
inclined holes needs less explosive and therefore the 
diameter of the hole or the hole footage is smaller. 

Because time was short only a few experiments 
were made with this method last summer, but good 
results were obtained. Many combinations of load- 
ing and firing are possible and further research 
along this line is warranted. In hard rock and coal 
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stripping this method could be of interest. In 
taconite, where drilling and blasting is a problem 
and where jet piercing is in use, this method may 
prove successful. 

With normal drilling equipment many difficulties 
arise because it is necessary to drill at an angle. 
High-speed rotation machines could be useful, be- 
cause the diameter of the hole can be reduced and 
deviations of the hole are less likely. If this method 
should prove successful, equipment for drilling in- 
clined holes more efficiently could be developed. 

Research in the field of blasting along the lines 
of drilling methods and loading and stemming of 
explosives undoubtedly will lead to further im- 
provements. Investigation of the effect of a shaped 
charge or cartridge in large holes may be worth- 
while. 

The possible improvement of hole loading by the 
use of compressed air appeared at first to be too 
dangerous. In 1953 in Germany a safer application 
of this method was developed and today different 
companies are loading explosives by the use of 
compressed air with good success. Obviously the 
time of loading is greatly reduced by this method. 
A 15-ft hole of 1.5 in. diam can, for example, be 
loaded with 25 cartridges in 30 sec and the charge 
is more compact. This again means better utiliza- 
tion of the explosive force or less footage of hole. 

While blasting techniques appear to be satisfac- 
tory at the present time, only a small portion of the 
explosive force is utilized. On this basis any re- 
search that would lead to an increase in useful 
work done by explosives would be beneficial. 
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Occurrence of Mineral Deposits in the Pegmatites 
Of the Karibib-Omaruru and Orange River Areas 
Of South West Africa 


Pegmatites of these areas have become important sources of beryl and lepidolite and 
have yielded cassiterite, columbite-tantalite, and other minerals. Examination of about 
60 of these pegmatites leads the author to question the opinion of earlier investigators 
that the concentrations of beryl, lepidolite, and columbite-tantalite found have mostly 
formed by hydrothermal or pneumatolytic replacement of previously formed quartz-feld- 
spar pegmatites. The author concludes, on the contrary, that present knowledge of the 
occurrence of minerals in zoned pegmatites can be applied to prospecting and mining of 
pegmatite deposits in these two areas of South West Africa. 


by Eugene N. Cameron 


EGMATITES occur in abundance in certain areas 

of South West Africa and in adjacent parts of 
northern Cape Province in the Union of South 
Africa. Some of the pegmatite deposits were pros- 
pected before World War I, and intermittent mining 
was done during the period between the two World 
Wars. The deposits of the Jooste lithium mines be- 
came an important source of lepidolite, and beryl, 
columbite-tantalite, wolframite, and other minerals 
were produced. Since World War II prospecting and 
mining have been carried on vigorously, with the 
result that South West Africa produced nearly 3000 
tons of beryl during 1949 through 1953, together 
with more than 40,000 tons of lithium minerals, 
chiefly lepidolite and petalite. Small amounts of 
tantalite, columbite, and other minerals have also 
been produced during the postwar period. 

Most of this mineral production has come from 
two pegmatite areas roughly outlined in Fig. 1. One 
is the Karibib-Omaruru area of north central South 
West Africa. The second is the northeastern part of 
the Orange River pegmatite area, which extends 
into adjacent parts of Namaqualand, in northern 
Cape Province of the Union of South Africa. 

The writer visited the two pegmatite areas in July 
1951. The visit was brief, but it gave an opportunity 
to compare some of the pegmatites of these areas 
with those studied and described in detail by many 
investigators in the U. S., Brazil, and Canada during 
and since World War II.*" The writer has attempted 
to determine, in a preliminary way, whether the 
concepts of internal structure and distribution of 
minerals in pegmatite bodies developed out of these 
studies are applicable to prospecting and exploration 
of pegmatites in South West Africa. 


Previous Work 


In an important series of papers (1929 to 1942) 
T. W. Gevers, H. F. Frommurze, S. H. Haughton, 
G. K. Joubert, and other geologists of the Geological 
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Fig. 1—Index map of South West Africa showing pegmatite 
areas visited. 
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Survey of South Africa described and discussed the 
pegmatites of the two areas.” These works are the 
principal sources of information on the pegmatite 
mineral deposits of South West Africa. The investi- 
gations showed that in the two areas pegmatites are 
profusely distributed in pre-Cambrian rocks. These 
rocks are meta-igneous and metasedimentary units 
that have been folded and subsequently invaded by 
younger pre-Cambrian granites and by other igne- 
ous rocks. The pegmatites are considered to be 
genetically related to the pre-Cambrian granites. 
Pegmatites occur in the granite bodies themselves 
but are most abundant in the surrounding metamor- 
phic rocks, a pattern repeated in many pegmatite 
districts of the world. 

The origin of the pegmatites and the factors con- 
trolling the occurrence of mineral deposits in them 
were discussed at length by Gevers and Frommurze 
(1929)” and later by Gevers “* (pp. 41-51, Ref. 
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Fig. 2—A pace-compass map of pegmatite on Farm Donkerhoek. 


15). Gevers’ discussion of the pegmatites south of 
the Orange River“ may be cited to illustrate the 
views presented. He concluded that the pegmatites 
were developed during successive stages. The first 
was an epimagmatic stage during which pegmatite 
magma was intruded and crystallized to form simple 
pegmatites. These consist essentially of quartz and 
microcline, with or without minor albite, and with 
accessory zircon, spessartite, apatite, biotite, mag- 
netite, ilmenite, and titanite in various combinations. 
The epimagmatic stage was followed by a series of 
pneumatolytic or hydrothermal stages during which 


albite, muscovite, tourmaline, cassiterite, columbite- 
tantalite, lepidolite, spodumene, lithiophyllite, and 
a variety of other minerals were developed in vari- 
ous amounts and proportions in some of the pegma- 
tites. These minerals formed by replacement of 
parts of the previously formed simple pegmatites. 
The development of concentrations of beryl, lithium 
minerals, cassiterite, and tantalite was referred to 
the later stages. Gevers’ concept of the origin of 
pegmatite minerals was thus in accord with the 
views expressed prior to World War II by Schaller 
(1933), Landes (1933),” and others. 

In accordance with this concept conclusions were 
drawn that had considerable economic significance. 
Gevers stated the most important conclusions in the 
words (Ref. 14, p. 342): 

“Since most mineral occurrences in pegmatites are 
the result of more or less intense pneumatolytic and 
hydrothermal alteration of the pegmatitic quartz- 
feldspar base at fairly high temperatures, the metal- 
lic and other elements being introduced initially by 
fluids of high vapour tension and hence great irrup- 
tibility, all pegmatite mineral occurrences are char- 
acterized by great irregularity and patchiness.” 

This conclusion was discouraging to the prospec- 
tor, for if correct, it meant that there was scant basis 
for systematic exploration and development of the 
pegmatite mineral deposits of the region. 


General Description of the Pegmatites Examined 

The writer examined some 60 pegmatites during 
the course of his visit, 46 in the Karibib-Omaruru 
area and the remainder in the Warmbad district. 
The pegmatites examined cannot be fully represen- 
tative of the pegmatites of the two areas, but they 
constitute a random sample of the pegmatites that 
were then productive or had been prospected. They 
show a wide range of mineral compositions. At one 
extreme are those consisting essentially of quartz, 
plagioclase, and perthite, with accessory muscovite, 
or biotite, or both, and traces of garnet or tourma- 
line. At the other extreme are those that also contain 
beryl, lepidolite, amblygonite, columbite-tantalite, 
spoduimene, cassiterite, topaz, microlite, triphylite, 
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Fig. 3—Sectional plan of Van der Made pegmatite, Erongo Schlucht. 
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Fig. 4—Outcrops (center and lower right) of northern seg- 
ment of quartz core of Van der Made pegmatite, Erongo 
Schlucht. Outer zones of the pegmatite are largely masked 
by talus at this point. The pegmatite is complexly zoned, 
but consists essentially of feldspathic wall and outer inter- 
mediate zones flanking a core composed of two lenses of 
quartz. 


bismuth, and other minerals in various combinations 
and proportions. Some of the pegmatites examined 
are of the homogenous type, that is, they show no 
systematic arrangement of the mineral components. 
None of these homogenous pegmatites appears to 
have been productive. Most of the pegmatites ex- 
amined are inhomogenous, consisting of two or more 


Fig. 5—Hanging wall part of the Van der Made pegmatite, 
Erongo Schlucht. The contact of pegmatite (left) with gran- 
ite (right) runs from top to bottom through the center of the 
photograph. The wall zone is marked by black crystals of 
tourmaline, the largest nearly 2 ft long, subperpendicular to 
the contact. 


contrasting lithologic units, and the large majority 
of these show zonal structures. In some pegmatite 
bodies zonal structures are poorly developed, but in 
others they are as strikingly developed as in any 
pegmatites thus far described from any district. The 
examples given below illustrate some of the zonal 
structures observed. 


Descriptions of Individual Pegmatites 


Pegmatite on Farm Donkerhoek: A pace-compass 
plan of a tantalite-bearing pegmatite on Farm Don- 
kerhoek is given in Fig. 2. The pegmatite has a dis- 
tinct zonal structure. The core consists of two lenses 
of quartz centrally disposed in the pegmatite jbody. 
The keel of the northern lens is exposed in a small 
open cut, and along the under side of the keel an 
inner intermediate zone of quartz with scattered 
spodumene crystals is developed. Outside this is a 
plagioclase-quartz outer intermediate zone that con- 
tains scattered spodumene crystals. The counterpart 
of this zone in the southern part of the pegmatite 
appears to contain no spodumene and is therefore 
shown by a separate symbol on the map. The wall 
zone is 1 to 2 ft thick and is composed of plagioclase 
and quartz with large books of muscovite. Tantalite 
in this pegamtite is apparently concentrated in the 
inner part of the outer intermediate zone. The 
writer could find nothing to indicate that either tan- 
talite or spodumene developed by replacement of 
pre-existing pegmatite. The two minerals appear to 
have formed contemporaneously with other constit- 
uents of the zones. 

Pegmatites on the Van der Made Claims: A series 
of pegmatites mined by G. H. Van der Made is ex- 
posed on the ridge on the west side of the Erongo 
Schlucht. Brief descriptions of several of these peg- 
matites are given by P. J. Rossouw (Ref. 17, pp. 
89-90, 107-11, 113-114). The most interesting peg- 
matite is one that outcrops about halfway up the 
slope of the ridge. It strikes N 15° E to N 20° E, dips 
70° to 80°W, and crops out almost continuously for 
about 1450 ft. The south end of the body is con- 
cealed by overburden. The arrangement of the 
major lithologic units of this pegmatite is indicated 
by the sectional plan of Fig. 3, which is based on a 
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pace-compass traverse along the length of the peg- 
matite together with cross-traverses at intervals dic- 
tated largely by the character of the exposures. The 
transverse scale is exaggerated to make it possible 
to show some of the narrower units. The complete 
structure of this complexly zoned pegmatite could 
be revealed only by detailed mapping, but the major 
features are believed to be correctly indicated in the 
diagram. The pegmatite consists essentially of feld- 
spathic wall and outer intermediate zones flanking a 
core composed of two lenses of quartz, the northern 
one by far the larger, see Fig. 4. The wall zone 
(plagioclase-quartz-muscovite pegmatite) along 
both foot and hanging walls is characterized by 
numerous black tourmaline crystals up to 2 ft long, 
Fig. 5, arranged perpendicular or subperpendicular 
to the contact with the enclosing granite. In the 
northern part of the pegmatite, a discontinuous in- 
ner intermediate zone of lithia mica is developed at 
intervals. The southern part of the pegmatite con- 
tains two particularly striking zones. One is a plagio- 
clase-quartz-amblygonite-topaz zone, the other a 
plagioclase-quartz-beryl zone containing partly ex- 
posed crystals of white beryl up to 20 in. diam and 
38 in. long. The beryl-bearing zone is exposed for 
300 ft along the hanging wall side of the pegmatite 
and for a similar distance along the footwall. Owing 
to its white color, the beryl had been overlooked 
prior to the writer’s visit, but beryl has since been 
produced from pegmatite. 

The plagioclase-quartz-amblygonite-topaz unit is 
of special interest for two reasons. One is that 
topaz-bearing units are uncommon in pegmatites 
(but see, for example, Ref. 5, pp. 63-76). The second 
is that amblygonite is present in a zone between the 
wall of the pegmatite and the perthite-quartz zone. 
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This position is at variance with the sequence of 
mineral assemblages based on pegmatites of the 
U.S. studied during the war (Ref. 3, p. 61). 

The pegmatite shown in Fig. 3 appears to be the 
same as one described by P. J. Rossouw (Ref. 17, pp. 
107-109, 113,114). Zonal units in the pegmatite are 
discussed and illustrated in this report, although the 
overall relationships of the zones are not given. The 
lithia mica is reported by F. C. Partridge (Ref. 17, 
p. 113) to be zinnwaldite. 

Tantalite was not seen in place by the writer, but 
according to Rossouw it occurred along the contact 
between two thin zones included in Fig. 3 in the 
outer intermediate zone (plagioclase-quartz pegma- 
tite). 

Six other pegmatites on this property were ex- 
amined briefly by the author. They range from 
bodies composed largely of quartz, feldspar, and 
muscovite to bodies containing lithia minerals as 
well. Zonal structures are developed in varying de- 
grees in all six bodies. The commonest arrangement 
is a thin border zone of quartz and feldspar, a wall 
zone composed of quartz and feldspar with accessory 
mica, an intermediate zone composed of coarse, 
blocky perthite with interstitial quartz, and a core of 
quartz, in some cases consisting of several segments 
medially disposed with respect to the walls. 


Pegmatite on the Gossow Claim: The pegmatite on - 


the Gossow claim is poorly exposed but is at least 
1000 ft long and several hundred feet wide. The 
outer part of the pegmatite consists largely of perth- 
ite, plagioclase, and quartz, but the core, Fig 6, is a 
mass of quartz about 125 ft long and 50 ft wide. 
Along the southeast margin of the core there is a 
narrow plagioclase-quartz-muscovite zone contain- 
ing accessory columbite-tantalite. This pegmatite is 
apparently the same as one described by Frommurze 
and others (Ref. 17, p. 104). 

Cassiterite Pegmatites: Cassiterite pegmatites are 
reported to be numerous in the Karibib-Omaruru 
area,” and published descriptions indicate that they 
are of diverse types. The only cassiterite deposits 
examined by the writer are those on Ameib Farm. 
Here banded, finely granular replacement bodies 
of cassiterite-bearing plagioclase-quartz-muscovite- 
tourmaline material cuts across the poorly developed 
zonal structures of pegmatite bodies composed orig- 
inally of plagioclase, quartz, and perthite. The peg- 
matites offer clearcut examples of replacement bodies 
formed at the expense of pre-existing pegmatite. 

Tinschmann Mine, Farm Davib Ost: Beryl has 
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Fig. 6—Gossow pegmatite, Kari- 
bib-Omaruru area. The white 
knob is the quartz core of the 
pegmatite. 


been produced at this mine chiefly from eluvium on 
the slopes of a low hill. The hill is apparently un- 
derlain by pegmatite lenses enclosed in a granite- 
schist complex. At the crest of the hill, a highly 
irregular pegmatite body is partly exposed. This 
appears to consist largely of plagioclase-quartz- 
perthite pegmatite enclosing scattered quartz lenses 
rimmed or partly rimmed by giant perthite crystals. 
Beryl has been found adjacent to these pods. The 
pegmatite has numerous counterparts in the U. S. 
They are interpreted as poorly zoned bodies in 
which isolated lenses of quartz take the place of con- 
tinuous quartz cores, and perthite zones, likewise 
discontinuous, form complete or incomplete shells 
around the quartz lenses. As in many American oc- 
currences, graphic granite is present in the Tinsch- 
mann pegmatite immediately surrounding the perth- 
ite shells. 

Pegmatites on Farm Okongava: Certain pegmatites 
on Farm Okongava have cores consisting of giant 
perthite crystals and interstitial quartz. The cores 
are separated from the pegmatite walls by plagio- 
clase-quartz-perthite pegmatite. The cores in certain 
pegmatites are marked by a narrow zone carrying 
abundant coarse wedge muscovite, with or without 
beryl. Beryl also occurs, however, as crystals scat- 
tered through the cores. 

One pegmatite examined on Farm Okongava con- 
sists of a lepidolite-quartz-plagioclase core envel- 
oped in outer zones consisting of plagioclase, musco- 
vite, and quartz. 

Other Beryl, Tantalite, and Lithia Pegmatites of 
the Karibib-Omaruru Area: Various other pegma- 
tites mined for beryl, tantalite, or lepidolite in the 
Karibib-Omaruru area were examined. Small re- 
placement bodies of albite or albite and muscovite 
were seen in some pegmatites, and in the Van der 
Made and Donkerhoek pegmatites described above, 
but concentrations of the valuable minerals appear 
to be unrelated to these bodies. Instead, the distri- 
bution of the minerals is governed by zonal struc- 
tures, and the minable deposits appear to be zones 
rich in one or more valuable minerals. A possible 
exception, however, is a tantalite-bearing unit com- 
posed of granular muscovite (lithia muscovite?), 
plagioclase, and quartz seen on the Viljoen claim, 
Farm Okongava. This may be a replacement body. 

Pegmatites on Farm Umeis, Orange River Area: 
The writer had the pleasure of visiting a series of 
pegmatite bodies on Farm Umeis, in the Orange 
River area, in company with Peter Weidner, owner 
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Fig. 7—Plan of beryl-bearing 
pegmatite on north branch of 
Tantalite Valley, Farm Umeis. 
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and operator. The farm is in the southeastern part 
of the Umeis sheet.” The pegmatites show a consid- 
erable range of mineral compositions and internal 
structures, but a few bodies will serve as examples. 

Beryl-Bearing Pegmatite on North Branch of 
Tantalite Valley: Fig. 7 is a sketch plan of this 
pegmatite, which is about 200 ft long at surface and 
about 75 ft wide, striking approximately N 50° W. 
The country rock consists of amphibolite and diorite. 
The exposures indicate an undulating lens that 
plunges gently southeast. At the northwest end its 
crest passes beneath a steep hillside. To the south- 
east it appears to plunge beneath wall rock again 
but must lie at shallow depth. 

The pegmatite shows four principal units. Along 
the contact there is a fine-grained border zone of 
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Fig. 8—Plan of pegmatites near the workers’ quarters, 
Farm Umeis. 
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plagioclase, quartz, and muscovite. Inside this is a 
wall zone (the outermost zone of Fig. 7) composed 
essentially of coarse plagioclase, quartz, and large 
books of muscovite, with accessory garnet, scattered 
masses of graphic granite, and scattered crystals of 
beryl. Inside this is an intremediate zone, up to 6 ft 
in thickness, composed of plagioclase, muscovite, 
quartz, and beryl, with accessory perthite, and scat- 
tered small crystals of columbite-tantalite. A small 
amount of native bismuth has been reported from 
this zone. The beryl forms golden to yellow-green 
crystals 1 in. to nearly 1 ft long and % to 8 in. 
diam. Muscovite forms large books of the wedge- 
herringbone type. This zone was being worked 
chiefly for beryl at the time of visit. The apparent 
core of the pegmatite consists of giant crystals of 
perthite embedded in coarse quartz. 

The workings are in the part of the intermediate 
zone overlying the apparent core. Perthite-quartz 
pegmatite is exposed over a small area to the north 
and the pits immediately north and south of this 
area expose the beryl-bearing intermediate zone. 
The zone may well extend under the hillside to the 
north. 

Pegmatites Near the Workers’ Quarters: Two 
small lenses of pegmatite exposed up valley from 
the workers’ quarters are shown in Fig. 8. The 
smaller pegmatite strikes N 30° W, and the larger 
strikes N 10° W on the average. Both lenses dip 
steeply east. The smaller pegmatite has three zones. 
The border zone, % to 2 in. thick, is fine-grained 
and consists of quartz with abundant small mus- 
covite books and subordinate plagioclase. Inside 
this is a wall zone composed essentially of plagio- 
clase, quartz, and muscovite, with accessory per- 
thite. The apparent core of the pegmatite consists 
of quartz with large, well-formed crystals of per- 
thite. No beryl was observed. 

The larger pegmatite, Fig. 9, is 175 ft long and 
appears to plunge northward. This pegmatite has 
a border zone 1 to 8 in. thick that is best exposed 
along the east side. It consists of quartz, muscovite 
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Fig. 9—Pegmatite on Farm Umeis, Warmbad area. Dark, 
smooth surfaces opposite man’s feet are the hanging wall 
surface of the pegmatite, which dips steeply toward ob- 
server. White patch is in wall zone. Darker patch at right 
is beryl-bearing border zone, with books of muscovite that 
stand out as dark knobs on weathered surface. 


books up to 8 in. diam, stout blocky crystals of 
plagioclase, and beryl crystals up to 5 in. long and 
1 to 2 in. diam. Both the muscovite books and beryl 
crystals are oriented perpendicular or subperpen- 
dicular to the walls. The outer portion of this zone 
is fine-grained and richer in quartz than the inner 
portion. The percentage of beryl is estimated 
roughly as between 0.5 ana 1.0 pct. 

The wall zone is developed only at the ends of the 
pegmatite. It is a coarse-grained mixture of blocky 
plagioclase, quartz, and muscovite, with a few scat- 
tered crystals of beryl. The intermediate zone is 
similar but also contains perthite. The apparent 
core is a medial lens composed of large crystals of 
perthite with massive quartz. 

The concentration of beryl in the border zone of 
this pegmatite is noteworthy. Recovery from in- 
terior zones has been negligible. It would appear 
that either mining must be made to pay on the basis 
of the beryl content of the border zone or the de- 
posit must be abandoned. 

Pegmatite at Bend of Krom River: On the east 
wall of the Krom River, in the southern part of 
Farm Umeis, a pegmatite striking N 50° W to N 
60° W is exposed over its full length, about 300 ft. 
It is enclosed in granite gneiss with foliation strik-~ 
ing N 70° W to N 75° W and dipping steeply NE. 
The dip of the pegmatite ranges from vertical to 
steeply east. At its northwest end the pegmatite 
splits irregularly into three fingers, and in the 
northwestern half inclusions of gneiss are present. 

The pegmatite is asymmetrically zoned. In general 
it consists of a perthite-quartz zone enclosing a 
quartz core with sparsely scattered perthite crys- 
tals, Fig. 10. Between 172 and 208 ft from the 
northwest end, however, the pegmatite has the 
structure shown in Fig. 11. Along the hanging wall 
side the perthite-quartz zone is represented only 
by masses and single large crystals of perthite. Out- 
side this is a zone of blocky plagioclase, wedge mus- 
covite, and quartz 1 to 2 ft thick. This zone is rich 
in greenish-yellow beryl crystals % to 4 in. diam 
and up to 12 in. long. Platy crystals of columbite- 
tantalite are likewise present. The outermost zone 
on the hanging wall side consists of plagioclase- 
quartz-perthite pegmatite. Both the outer zone and 
the core in places have been sheared roughly paral- 
lel to the walls of the pegmatite, and along the 
shear surfaces small books of muscovite have de- 
veloped. There is nothing to indicate, however, that 
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Fig. 10—Pegmatite at bend of Krom River, Farm Umeis. The 
prominent ledge running from left to right is the core of the 
pegmatite, quartz with scattered crystals of perthite. The 
beryl-bearing zone is in shadows beneath the core. Some 200 
ft from the northwest end, the general structure of the peg- 
matite changes to that shown in Fig. 11. 


the wedge muscovite in the beryl-bearing zone has 
developed by replacement. 

Pegmatite Near Boundary of Farms Umeis and 
Kinderzitt: A strikingly zoned tabular pegmatite is 
exposed in a deep ravine on Farm Umeis near the 
boundary with Farm Kinderzitt. The pegmatite 
strikes about N 42° W, dips 27° SW, and is enclosed 
in diorite, biotite schist, and amphibolite. It is more 
than 1000 ft long and may be divided into two sec- 
tions with reference to its intersection with the 
stream. The section northwest of the stream was 
only partly examined. It shows a fine-grained 
border zone composed essentially of quartz and 
feldspar. Inside this is a zone consisting of quartz, 
plagioclase, and minor amounts of perthite. The 
middle of the pegmatite is marked by lenses con- 
sisting of large perthite crystals and quartz. In one 
lens these minerals are intermingled, and part of 
the quartz is interstitial, part graphically inter- 
grown with perthite. Another consists of quartz 
bordered by large crystals of perthite. One lens is 
40 ft long and 6 to 8 ft thick. Total thickness of the 
pegmatite body where examined north of the river 
ranges from 12 to 22 ft. 

Southeast of the stream the slope is nearly paral- 
lel to the pegmatite. The hanging wall country rock 
has been stripped away, and the pegmatite body is 
eroded to varying depths, Fig. 12. As a result the 
outcrop of the pegmatite is as much as 240 ft, al- 
though the pegmatite is probably nowhere more 
than 30 ft thick. The pegmatite here shows other 
zones. The core, exposed intermittently for 300 ft 
along strike, consists of quartz. Flanking this is a 
discontinuous zone of lepidolite, albite, and quartz, 
parts of which are rich in granular lepidolite. In 
places this zone is developed only along the hang- 
ing wall side of the core, in other places only along 
the footwall side. The quartz core itself, which is 
discontinuous, consists of a series of tabular lenses 
of quartz, a few of which are completely enclosed 
in lepidolite. Outside the lepidolite zone is another 
discontinuous zone, not shown in Fig. 12, marked 
by crystals of perthite up to 6 ft long. This zone 
corresponds to the perthite bordering one of the 
quartz lenses northwest of the stream. Outside the 
perthite zone is a wall zone 3 to 8 ft thick consist- 
ing essentially of albite and quartz, with minor 
perthite. 

The above description is believed to cover the 
main structural elements of this interesting pegma- 
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Fig. 11—Structure section of pegmatite at bend of Krom River. 


Fig. 12 (right)—Structure section of pegmatite near bound- 
ary of Farms Umeis and Kinderzitt. 


tite, but only detailed mapping and study could do 
full justice to it. Since the writer’s visit microlite 
has been found in the outer part of the lepidolite 
zone, and beryl is also reported to occur in the 
pegmatite.” Hemispheres of cleavelandite may be 
small replacement bodies developed at the expense 
of parts of the inner zones. 

Pegmatite on the Hill Above Alluvial Block No. 2: 
Several pegmatites are exposed on the crest of the 
hill overlooking Alluvial Block No. 2, in the nor- 
thern part of Farm Umeis. In all, the zonal struc- 
tures are more or less well developed. Only one 
could be examined in detail sufficient for descrip- 
tion, but others are similar. The pegmatite strikes 
about N 65° W and is exposed over a distance of 
240 ft. It ranges from 5 to 33 ft in outcrop width. 
The dips of the walls could not be determined, but 
the trace of the pegmatite across the topography 
suggests a steep dip. The wall rock is amphibolit- 
ized pyroxenite and diorite. 

The pegmatite consists of the usual fine-grained 
border zone, a coarse-grained wall zone, two inter- 
mediate zones, and a discontinuous core. The wall 
zone consists of plagioclase, perthite, and quartz, 
with minor muscovite. The core is quartz, contain- 
ing scattered crystals of tantalite and rare beryl. 
Patches of granular albite, probably replacement 
bodies, also occur in the core, but neither beryl nor 
tantalite is associated with them. The largest seg- 
ment of the core is 20 ft long. It is bordered by 
giant perthite crystals that form an inner interme- 
diate zone, and outside this is a nearly complete 
outer intermediate zone composed essentially of 
graphic granite. 

Other Pegmatites on Farm Umeis: Other zoned 
pegmatites were seen on Farm Umeis, but time 
available was insufficient for describing them. 


Discussion and Conclusions 

Even from the brief inspection on which this 
paper is based, it is evident that zonal structures 
are present in many of the pegmatites of the two 
areas visited in South West Africa, that the dis- 
tribution of the minerals being sought can be 
analyzed in terms of these and other lithologic and 
structural units of pegmatites, and that knowledge 
of these structures can be used to guide prospecting 
and development. A few of the operators were al- 
ready using knowledge of zonal structures gained 
by hard experience, but much of the prospecting 
and development being done at the time of visit 
was haphazard and based on the conviction that 
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neither rhyme nor reason governs pegmatite min- 
eral distribution. The experience of investigators 
during the past 12 years, recorded in a large num- 
ber of reports, has outmoded this conviction. The 
writer left South West Africa convinced that few 
pegmatite districts are of more interest to the stu- 
dent of the internal structures of pegmatite bodies. 
There is an extraordinary variety of pegmatite 
mineral deposits in the region. Structural analysis 
of the pegmatite bodies would greatly assist those 
prospecting and mining the deposits. The need for 
such work is the greater because the limits of open- 
cast working have already been reached at some 
of the mines, and if future development is to be 
profitable, close attention must be given to possi- 
bilities of selective mining. The distinction of bar- 
ren units from those containing valuable minerals 
is therefore of increasing importance. 

Sequences of mineral assemblages present in the 
pegmatites examined agree with the general se- 
quence of mineral assemblages recognized in peg- 
matites of various districts of the U. S. (Ref. 3, p. 
61). The topaz and amblygonite-bearing unit seen 
in the large pegmatite at the Van der Made mine is 
the only unit occurring in an abnormal position. It 
seems likely, therefore, that a knowledge of the 
general sequence can be used in prospecting for 
pegmatite mineral deposits in the two areas of 
South West Africa just as it can in the U.S. 

Just as time has outmoded the belief that mineral 
distribution in pegmatites is hopelessly irregular, so 
also does it necessitate review of any genetic con- 
cept upon which the belief was based. In the pres- 
ent case, the genetic question at issue is whether 
concentrations of beryl, lithia minerals, etc. are or- 
dinarily formed by hydrothermal or pneumatolytic 
replacement of an original simple quartz-feldspar 
pegmatite. The writer’s observations indicate that 
they are not. In most of the pegmatites examined, 
distribution of the minerals in question is governed 
by zonal patterns, and these minerals appear to be 
original components of the mineral assemblages 
that constitute the zones. Cassiterite-bearing re- 
placement bodies were observed in the pegmatites 
at the Ameib mine, and columbite-tantalite may 
have formed by later replacement in the main peg- 
matite on the Van der Made property. Develop- 
ment of deposits of beryl and other minerals in the 
manner outlined by Gevers, however, appears to 
have been the exception rather than the rule. 

Part of the problem is a confusion over the mean- 
ing of evidence that one mineral in a pegmatite has 


SEPTEMBER 1955, MINING ENGINEERING—873 


NE. 
= = 
x UN 
a x x < 
x2 
‘ 


formed by replacement of another. Such replace- 
ments may occur at any stage of development of 
zonal structure by reaction between crystals al- 
ready formed and the rest liquid then existing. This 
has not always been recognized, and too often it 
has been assumed that if replacement is shown, so- 
lutions have been introduced from outside sources 
and have reacted with pegmatite bodies already 
completely solidified. For any given pegmatite, this 
conclusion can only be justified after careful study 
of mineral distribution and textural relations with 
reference to internal structure. 
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Discussion 


Chuquicamata Develops Better Method 


To Evaluate Core Drill Sludge Samples 


by Glenn C. Waterman 


Richard Strong (Oliver Iron Mining Div., U. S. Steel 
Corp.)—Mr. Waterman states (p. 59, Trans., January 
1954): “Core-sludge combining factors have been calcu- 
lated for any combination of core-sludge recovery on the 
basis of several logical assumptions: 1—The sludge 
sample loses reliability geometrically as sludge re- 
covery drops. 2—The sludge sample should not be 
used if the percentage of sludge return is less than the 
percentage of core recovered. 3—A core sample should 
receive a weighting at least equal to the percentage of 
core recovery.” Assumptions 1 and 2 seem justified at 
Chuquicamata and most geologists would agree to the 
validity of assumption 3. However, contrary to the 
statement quoted above, the core sample does not in 
general receive a weighting at least equal to the per- 
centage of core recovery when the Chuquicamata 
method is used. Furthermore, the basic Chuquicamata 
method is identical to the Longyear or relative volume 
core-sludge assay combining method. Finally, the 
Chuquicamata method does not, in its present form, 
reflect true geometric loss in sludge sample reliability 
according to the relationship L = AR‘””. 

The basic equations representing the two steps of the 
Chuquicamata method can be combined algebraically 
as follows (using the symbology of the original article 
except as noted): 


VolA+B 
Assay 2 = ASA — ———_———_ : Assay 1 
VolA 
VolB 1] 
- CoresAssa 

VolA 

CA-:F + ASA (100 — F) 
Combined grade = [2] 


100 Pet 


where F and (100 — F) are the core and adjusted 
sludge assay factors from Fig. 3. 
Substituting Eqs. 1 and 2 and collecting terms 


Combined grade = 
VolA+B 


(100—F) 
VolA 


CAF (100—F) A 1 
= ssa 
VolA 


100 Pct 
[3] 


Eq. 3 is a unified and general statement of the 
Chuquicamata method. The true core factor includes 
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not only the factor F from Fig. 3 but also the quantity 
VolB 


VolA 
the adjusted sludge assay. This quantity is real and 
positive for all values of F and core recovery less than 
100. Therefore the true core factor is always less than 
F except when F is equal to 100. 

If siudge recovery is 100 pct, Eq. 3 can be further 
simplified as follows: 

Let F = percentage of core recovered. 

Let Vol A = Va, (100 Pet — Pct CR) where Va, is 
the total volume of the sampled interval and let Vol 
B = (Va — V-) Pet CR where V. is the core volume in 
the sampled interval at 100 pct core recovery. Then 
combined grade = 


V. We 
+ Assay 1, 100 Pct — Pct CR 


dh Van 


100 Pet 


(100 — F), which is implicit in the value of 


[4] 


Eq. 4 shows that when sludge recovery is 100 pct the 
laboratory sludge assay receives significant weight in 
the Chuquicamata method, even at 100 pct core re- 
covery. The maximum weight assigned to the labora- 
tory sludge assay depends on drillhole size, as follows: 


Drillhole Sludge Weighting Factor at 100 
Size Pct Core Recovery, Pct 
EX 64.5 
AX 64.0 
BX 519 
NX 


Eq. 4, with suitable changes in symbology, is identi- 
cal to Royce’s formula 8,° which is a statement of the 
Longyear or relative volume method of combining core 
and sludge assays. 

If Mr. Waterman’s assumption 3 is of paramount 
concern to the geologist, the Royce method (for core 
recoveries of 60 pct and above) or a method employing 
the percentage of core recovered as a core weighting 
factor are the only recognized methods known to the 
writer which achieve the desired result. A modifica- 
tion of the latter method embodying Mr. Waterman’s 
assumptions 1 and 2 would result from applying the 
factors from Fig. 3 directly to the laboratory core and 
sludge assays. 
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Fig. 9—Graph of theoretical minimum sludge assay for a 
given drillhole size, core recovery, and core assay. Based on 
nominal hole and core diameters. 


If the Longyear method with the Chuquicamata 
modification is considered desirable, use of the factors 
in Table III (accompanying this discussion) for com- 
bining laboratory core and sludge assays (as distinct 
from the factors in Mr. Waterman’s Fig. 3, which are 
applied to core and adjusted sludge assays) will pro- 
duce results identical to those of the Chuquicamata 
method and calculation of the adjusted sludge assay is 


eliminated. The factors in Table III are calculated 
from Eq. 3. Separate tables would be required for each 
drill size. It is interesting to note that the rate at 
which the laboratory sludge assay weight decreases 
with decreasing sludge recovery in Table III does not 
follow the geometric progression defined by Mr. Water- 
man. The actual rate of decrease lies between the 
geometric and arithmetic (linear) rates, as might be 
expected on the basis of Eq. 3. Proof of this statement 
is not included here, but its truth can easily be dem- 
onstrated by comparison of two sets of factors, one 
calculated by using Eq. 3 (the Chuquicamata method) 
and the other by applying the geometric progression 
formula to Longyear values (representing strict con- 
formity with Mr. Waterman’s first assumption). 

Mr. Waterman states on page 58, “The weighting to 
assign sludge samples ... should decrease at a faster 
rate than the decrease in percentage return.” In Fig. 3 
the opposite seems to be true in the region of high 
sludge recoveries. The largest rate of decrease in ad- 
justed sludge assay factor with respect to sludge re- 
covery occurs in the region where sludge recovery is 
relatively low. In any case, the suggestion concerning 
geometric discounting of the sludge assay is interesting 
and is applicable to any of the basic methods of com- 
bining core and sludge assays. However, the writer’s 
experience leads him to believe that in uncased drill- 
holes a combination of caving and incomplete flushing 
might well produce a sludge sample of theoretical max- 
imum weight whose reliability was highly questionable. 
Mr. Waterman’s reasoning concerning the decrease in 
sludge sample reliability with decrease in sludge re- 
covery seems most applicable when casing is advanced 
to the bottom of the drillhole and sealed following each 
sample run. 

Mr. Waterman points out the existence of a theoreti- 
cal minimum sludge assay. In Eq. 1, it is obvious that 
the adjusted sludge assay cannot be negative. The 
limiting condition is 


VolA+B 
VolA 


VolB 


—— - Core Assa [5] 
VolA 


- Assay 1 = 


Fig. 9, accompanying this discussion, provides a simple 
means of evaluating this relationship. Sludge assays 
above the minimum value are not necessarily repre- 
sentative, but assays below the minimum definitely are 
not. In iron ore exploration, the target ores have 
tenors approaching 100 pct ore mineral (approximately 
70 pet iron). Therefore, a theoretical maximum sludge 


Table III. Geometric Combining Chart, for BX Core, for Laboratory Core and Sludge Assays Producing the Same 
Results as the Chuquicamata Method 


Sludge Recovered, Pct 


100 98 96 94 92 
100* 

98 47.1 100 100 100 100 

52.9 0 0 0 0 
96 46.2 73.1 100 100 100 

53.8 26.9 0 0 0 
94 45.2 63.5 81.7 100 100 

= 54.8 36.5, 18.3 0 0 
Pa 92 44.3 58.2 72.1 86.1 100 

3 55.7 41.8 27.9 13.9 0 
o 90 43.3 54.6 66.0 77.3 88.7 
56.7 45.4 34.0 22.7 11.3 
2 a 42.3 51.9 61.5 71.1 80.8 
me 57.7 48.1 38.5 28.9 19.2 

o 

5 86 41.4 49.7 58.1 66.5 74.9 
‘S) 58.6 50.3 41.9 33.5 25.1 
84 40.4 47.9 55.4 62.8 70.2 
59.6 52.1 44.6 37.2 29.8 
32 39.4 46.2 53.0 59.7 66.4 
60.6 53.8 47.0 40.3 33.6 
80 38.4 44.6 50.7 56.9 60.0 
61.6 55.4 49.3 43.1 40.0 


90 88 86 84 82 80 
100 100 100 100 100 100 
0 0 0 0 0 
100 100 100 100 100 100 
0 0 0 0 0 0 
100 100 100 100 100 100 
0 0 0 0 0 0 
100 100 100 100 100 100 
0 0 0 0 0 0 
100 100 100 100 100 100 
0 0 0 0 
90.4 100 100 100 100 100 
9.6 0 0 0 0 
83.2 91.6 100 100 100 100 
16.8 8.4 0 0 0 
ARSE 85.1 92.6 100 100 100 
22.3 14.9 7.4 0 0 0 
79.8 86.6 $3.3 100 100 
26.9 20.2 13.4 6.7 0 0 
66.1 72.3 78.4 87.7 93.8 100 
33.9 27.7 21.6 12.3 6.2 0 


* Factors for 100 pct core recovery are meaningless if sludge is not contaminated because core and sludge assays must be identical. If 
core and sludge assays are not identical, it seems reasonable to rely on the core assay only. 
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assay exists that may be of value in determining iron 
ore sludge sample reliability. 

The best test of any method of combining core and 
sludge assays is made by comparing combined assays 
with grade. However, the examining geologist often is 
required to evaluate properties prior to mine develop- 
ment and make recommendations on the basis of drill- 
ing data. Agreement seems general among geologists 
that sludge should receive progressively less weight as 
core recovery increases and should receive no weight 
when core recovery is 100 pct. The Royce method 
seems preferable to the lLongyear-Chuquicamata 
method as a means of obtaining the combined assay. 
The combined grade then can be evaluated subjectively 
by considering core and sludge recoveries, casing posi- 
tion, physical characteristics of the rock penetrated—in 
other words, by exercising geological judgment. A 
combined grade never should stand alone but should 
be accompanied by a record of all data which bear on 
its validity. 

Glenn C. Waterman (author’s reply)—Mr. Strong, in 
general, agrees with the three basic assumptions that 
are the fundamentals of the Chuquicamata method. 
There cannot be serious disagreement with the princi- 
ple that sludge samples lose reliability as sludge re- 
covery drops. Secondly, in most cases, sludge samples 
are less reliable than core samples and it follows that 
when sludge recovery is less than core recovery the 
sludge sample should not be combined with the core 
sample to establish the grade of the run. And it should 
be recognized that any core sample is a truly repre- 
sentative sample of its percentage of a run. 

It should be pointed out that the most important as- 
pects of the Chuquicamata method are a reduction of 
sludge sample weighting as sludge recovery drops, and 
the use of the proposed combining weights for core and 
sludge samples at any recovery percentages. The ad- 
justment of a sludge sample so that sludge grade rep- 
resents only unrecovered core is a refinement we con- 
sider useful in the attempt to achieve a more accurate 
value for the sludge. 

Mr. Strong’s mathematical equations indicate, to 
him, that when a sludge sample is adjusted the core 
does not finally receive a weighting at least equal to 
core recovery percentage. For this reason he believes 
the entire Chuqui method is identical to the Longyear 
or relative volume combining method. Mr. Strong’s 
conclusions, if accepted, are only applicable if the 
sludge sample is adjusted. If the sludge is not ad- 
justed, the more important aspects of the Chuqui sys- 
tem offer a combining method that is markedly differ- 
ent from the Longyear system. 

On a drilling job when 100 pct recovered core gives 
a representative sample of the ground tested, then 
sludge peripheral to this core has a similar grade. It 
follows that sludge peripheral to any recovered core 
has a grade similar to the core grade. This means we 
can use such sludge grade in an analysis of core and 
sludge combining percentages. Thus, I wish to point 
out that Strong’s Table III does not give actual com- 
bining percentages of the core grade and laboratory 
sludge assay because the latter already has included in 
it a certain percentage of grade which is accepted as 
being identical to core grade. The following example 
will illustrate this. 


SLUDGE PERIPHERAL TO LOST CORE=20 UNITS 
SLUDGE PERIPHERAL TO RECOVERED CORE= 80 CRESS 


= 


RECOVERED CORE= 80% OR 80 UNITS~ LOST CORE= 20% OR 20 UNITS 


Fig. 10, shown above, employs the same nomencla- 
ture. Assume the following: 

1) BX hole. 

2) Core recovery is 80 pct, or 80 units (of core 
grade). 

3) Lost core is 20 pct, or 20 units. 

4) Sludge around recovered core is 80 units (of 
core grade). 
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5) Sludge around lost core is 20 units. 

6) Total volume of core and sludge is 200 units. - 

7) Then the laboratory sludge assay is made up as 
follows: 


(a) Lost core 20 units 
(b) Sludge peri- 

pheral to lost 

core 20 units 


40 units of lost core grade 
(c) Sludge peri- 
pheral to re- 
covered core 80 units of core grade 
120 units 

8) Thus the laboratory sludge assay contains 66 pct 
or 80 units of core grade. 

9) The ground represented by recovered core re- 
ceives a weighting percentage of 80 units due to 
core assay and 80 units due to sludge grade. The 
core interval thus receives 160 units or 80 pct of 
total grade, a figure equal to core recovery per- 
centage. 

10) Strong’s Table III combines a laboratory sludge 
assay, which contains an important percentage 
of core grade, with a core assay. The net result 
is that core receives a weighting equal to its per- 
centage recovery. 

Exception to the above example may be taken on the 
grounds that the sludge sample is not a core sample 
and we should not include in the weighting percentage 
assignable to core grade any percentage derived from a 
sludge sample. But we are considering total percent- 
ages of combined grade due to core grade and sludge 
grade and the basis of any adjustment of the sludge 
assay is the assumption (correct) that the portion peri- 
pheral to core has an identical grade. 

Should Mr. Strong’s conclusions as to core-sludge 
weighting percentages resulting from sludge adjust- 
ment prove the more acceptable, I suggest that the ad- 
justment step be eliminated, with the core and sludge 
assays being combined according to recovery percent- 
ages as originally described. Mr. Strong does not have 
serious criticism of this more important phase of the 
combining method. 

Mr. Strong suggests the Royce method*® is preferable 
to the Chuqui method. If we accept the suggestions 
that sludge samples lose reliability as recovery drops 
and the core sample should always receive a minimum 
weighting equal to core recovery percentage, then the 
Royce method is illogical; it underweights core except 
at 100 pct recovery and sludge weighting is not affected 
by sludge recovery. In addition the Royce method 
assigns core weighting percentages which may vary 
according to length of run, a function that should not 
enter into any combining method. The following ex- 
ample will illustrate this. Assume a 60 in. run with 
50 pet recovery. Royce tables weight the core at 25 pct 
(less than recovery percentage) and sludge 75 pct. 
Consider the identical 60 in. length was drilled with 
two 30 in. runs, core recovery being 100 pct for the first 
30 in. and 0 pct for the second 30 in. The Royce method 
would weight the first run at 100 pet core and 0 pct 
sludge and the second at 0 pct core and 100 pct sludge. 
In the first case the 60 in. run gives core a 25 pct core 
weight; in the second example the average of the two 
30 in. runs weights core 50 pct. 

Any combining method is subject to some criticism 
because innumerable variations in drill technique, 
core size, recovery percentages, and distribution of val- 
uable mineralization in the ground require on-the-job 
modifications. However, I suggest the Chuqui method 
is based on a common sense appraisal of the worth of 
core and sludge at variable recovery percentages and 
offers a sensible approach to the complex problem of 
establishing an accurate drill grade. 
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The Chollet Project, 


Stevens County, 


Washington 


Fig. 1—View of Selkirk Mountains looking east. Columbia 


River in foreground. Arrow indicates location of Chollet 
prospect, Stevens County, Washington. 


by M. W. Cox and V. F. Hollister 


for metallic mineral deposits is 
carried on by those special adaptations of meth- 
ods which the explorer believes will yield most eco- 
nomically or satisfactorily the particular answer 
sought. In this project the usual methods of geo- 
logic observation, recording, and interpretation, 
when combined with magnetic geophysical methods 
and geochemical soil sampling, led to disclosures of 
appreciable zinc mineralization where none was 
visible in surface exposure. Since 1945 considerable 
work has been done with geochemical prospecting 
methods, chiefly in determining the presence and 
distribution of various elements existing in minor 
amounts in rocks, soil, vegetation or waters of min- 
eralized areas. Such work, in which the U. S. Geo- 
logical Survey has taken the lead, finds a ready 
place in the field repertoire of the exploration geol- 
ogist as a supplement, not a substitute, for other 
methods. 

The Chollet project was carried out in 1951 by 
the American Smelting & Refining Co. near its 
Van Stone mine in northern Stevens County, Wash., 
in the area shown in Fig. 1. 

The Van Stone mine is located in the Onion Creek 
drainage of the Selkirk Mountains, midway between 
the towns of Colville and Northport, Wash., and 
some twenty airline miles west of the Metaline min- 
ing district. Its zinc-lead orebodies, currently yield- 
ing about 1000 tpd of ore, occur as bedding replace- 
ment deposits in the middle Cambrian Metaline 
formation near an intrusive granodiorite contact. 
The target of exploration at the Chollet prospect 
was a similar geologic environment along the in- 
trusive contact about 5 miles west of the mine. 


Geographic Setting 


The Chollet ground covers a north-facing slope 
at 3000 to 4000-ft elevation. Second-growth jack 
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pine and tamarack with some hemlock and yellow 
pine make a thick forest cover. A heavy under- 
forest of alder, willow, and lesser shrubs occupies 
the draws, see Fig. 2. Grassy slopes appear at higher 
elevations. The lower slopes are underlain by a 
thick blanket of glacial till and alluvium so that 
outcrops are scarce; however, perhaps 50 pct rock 
exposure prevails at higher elevations. 

This part of northern Washington annually re- 
ceives about 25 in. of precipitation, which largely 
falls as snow in the winter months. Summers are 
dry with occasional rainy periods. 


General Geology 

The Van Stone mine and the Chollet prospect lie 
along the southern margin of a westerly extending 
lobe of the Kaniksu batholith, one of the series of 
granodioritic masses that are intrusive into Creta- 
ceous and older rocks in northern Washington and 
southern British Columbia. The margin is composed 
of complexly deformed Paleozoic sediments ranging 
in age from the lower Cambrian Maitlen phyllite 
on the east, through middle Cambrian Metaline 
formation (limestone and dolomite), to Ordovician 
Ledbetter slate on the west. In general the forma- 
tions strike N10 to 50E and dip steeply northwest- 
ward, although dip reversals and minor folding 
occur. This general rock distribution is shown on 

In this area the Metaline formation, which is the 
host rock for mineralization, appears to be of about 
4000-ft thickness that can be conveniently divided 
into the same three units defined by Park and 
Cannon’ for the Metaline area. The basal part con- 
sists of 1000 ft of interbedded white limestone, 
argillaceous limestone, and gray silty argillite. The 
middle part, approximately 1500 ft thick, consists 
of fine-grained black, gray, and white dolomite. 
This unit also contains minor interbedded limestone. 
The upper part is a gray massive limestone about 
1500 ft thick that grades upward into slaty lime- 
stone and slate capped locally by a thin black jas- 
peroidal dolomite which is either the uppermost 
member of the Metaline formation or the basal 
member of the overlying Ledbetter (Ordovician) 
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Fig. 2—Photograph of trench No. 1, Chollet property, show- 
ing overburden and type of vegetation. 


formation. Thin lenses of dolomite also occur in the 
limestone in the upper part of the formation. The 
Ledbetter slate contains abundant graptolites, but 
no fossils have yet been found in this locality in the 
underlying Metaline. No marker beds have been 
found, and the general paucity of the outcrops, to- 
gether with structural complexities, obscures details 
of the Metaline stratigraphy. At the Chollet pros- 
pect the limestones and dolomites are converted at 
and near the intrusive contact into white coarse- 
grained marbles; only minor contact silicates are 
developed. Argillaceous members are, however, con- 
verted to biotite and chlorite schists and phyllites. 

Mineralization found by this investigation on the 
Chollet ground probably occurs in the middle Meta- 
line dolomite about 2700 ft stratigraphically below 
the Ledbetter contact. Mineralization at the 
Van Stone is believed to occur approximately 2200 
ft stratigraphically below the Ledbetter, and the 
large orebodies of the Pend Oreille and Grandview 
mines in the Metaline district occur within 300 ft 
of the contact in the upper part of the Metaline. 

The zinc and lead mineralization found in north- 
eastern Washington appears to be post-intrusive in 
age, but it belongs to that same era of mountain 
building as the granite. It is definitely older than 
Tertiary (Oligocene?) volcanics that outcrop a few 
miles west of the Chollet prospect. 

Pleistocene glaciation caused major scouring of 
the area which is reflected in the present topography, 
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but the major effect is a widespread mantle of till 
and outwash sands and gravel. In the vicinity of 
the Van Stone and the Chollet this blanket covers 
85 to 90 pct of the surface. 


Field Work 


A general geologic reconnaissance of a large area 
west of the Van Stone mine disclosed structural and 
stratigraphic conditions on the Chollet ground that 
seemed to warrant serious exploration, even though 
the only mineralization seen was trace of sphalerite 
in an area of abundant barren outcrop. No mine 
workings were known in the area. Detailed brunton- 
tape surveying pointed up the lack of outcrop and 
the impossibility of evaluating the property solely 
by observational methods. Consequently a grid was 
established of lines at 250-ft intervals with stations 
100 ft apart for about 144 miles along the favorable 
area selected by the reconnaissance. The grid cov- 
ered up to % mile northwesterly and southeasterly 
across the supposed position of the granite-Metaline 
contact. 

A magnetometer survey of the grid was made to 
define the area underlain by calcareous rocks as well 
as to locate the Metaline-granite contact. Soil sam- 
ples were taken at all the stations thus determined 
to be within the area of calcareous rocks. 

Magnetic Data: A Ruska vertical system magneto- 
meter having a sensitivity of 10 gammas was used 
for station measurement and an Askania magneto- 
meter of the same sensitivity, attached to an auto- 
matic recording device, determined the diurnal 
variation. (The high sensitivity was used for de- 
tection of magnetic pyrrhotite associated with the 
deposits at the Van Stone property. Many small 
magnetic anomalies there were interpretable mainly 
by their continuity from profile to profile.) With the 
magnetometers adjusted for the latitude at North- 
port, Wash., the Metaline limestone and dolomite 
were found to give readings of about 100 gammas, 
while readings over the granodiorite averaged 500 
gammas. Highs over the schist tended to be more 
erratic and higher than those above granite. Inter- 
pretation of vertical intensity profiles easily out- 
lined the granite and schist areas and suggested that 
their contacts with the calcareous rocks were steep. 
Interpretation of second derivative contour map- 
ping suggested that parts of the calcareous rocks 
were underlain at depths of a few hundred feet by 
granite. 
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Fig. 4—Magnetic contours, Chollet prospect. Contour inter- 
yal 100 gammas. 
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Fig. 5—Detail plan of Chollet prospect. Contacts are based 
on outcrop and magnetometer data. 
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Fig. 3—Map showing local geology of Chollet prospect. 


The magnetic contour map, Fig. 4, illustrates the 
correlations between the rocks and the contours of 
the magetic values. 

Geochemical Data: Methods of soil sampling and 
metal determination outlined by a USGS publica- 
tion’ were, in general, used on the Chollet project. 
Only the zine content of the samples was deter- 
mined. Lead was found to be very erratically dis- 
tributed in the experimental samples and was not 
thereafter determined. The lead content of a typical 
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Fig. 6—Typical cross-section, Chollet prospect. Contacts are 
based on outcrop and magnetometer data. 
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Metaline formation zinc-lead deposit in this area is 
very low. 

Experimental soil sampling that preceded the 
Chollet project, in an area of known mineralization 
at the Van Stone mine, found unexpected high zinc 
concentrations in the soil over 50-ft thick till de- 
posits. The zine apparently still reflected the bed- 
rock zine content, but it was clearly concentrated 
within a foot of the present surface. Sampling at 
deeper horizons in the till indicated a decrease in 
the zine content as depth was attained. This con- 
centration of zinc within the upper foot of the deep 
transported mantle is difficult to explain. The glacial 
debris is almost entirely composed of granitic or 
granodioritic rock fragments, and experimental soil 
sampling in soils over granite revealed an average 
background of 75 ppm zinc, or approximately the 
same as the limestones and dolomites. Hence the 
transported material that covered the barren and 
mineralized dolomite had the same zinc potential as 
barren dolomite. The existence of anomalies in the 
soil over bedrock zine covered with 50 ft of till is 
in itself difficult to explain, but the method of con- 
centration is beyond the scope of hypotheses yet 
suggested. 

Coincidentally the upper 12 to 18 in. of the till is 
uniformly thoroughly mixed. Apparently, following 
final deposition of the till and recession of the gla- 
ciers, frost heaving or some allied process jumbled 
the upper part of the till. Below the mixed till 
crude stratification can occasionally be seen, but the 
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stratification can almost never be seen within 18 in. 
of the surface. (Presumably mixing was accom- 
plished immediately following glaciation when the 
climate was colder. It is doubtful, then, that much 
zinc had migrated through the till while mixing was 
in progress.) The mixing is not believed to have 
any effect on concentration of the zinc, however, and 
it is merely a confusing coincidental phenomenon. 


Perhaps the largest factor in the concentration of 
zine within the upper limits of till is the clay and 
minor carbonaceous material (plant debris) present 
near the surface. Weathering since glaciation has 
formed only minor amounts of clay in the soil and 
this only within the top 18 in. of till in the vicinity 
of the Van Stone mine and the Chollet prospect. 


Samples on the Chollet ground were taken in the 
area of calcareous rocks at a uniform depth of 6 in. 
The results of this sampling are shown in Fig. 5. An 
average content of 50 to 100 ppm Zn was found 
over most of the area sampled whether the soil was 
of calcareous bedrock or granitic till derivation. Five 
zinc anomalies were found but four of them were 
small in area and had a maximum zinc content of 
500 ppm Zn (0.05 pet). The remaining anomaly 
measured more than 2000 ft long by 800 ft wide and 
yielded assays of up to 10,300 ppm (1.03 pct, 50 to 
100 times background). These high determinations 
were checked by standard analytical methods and 
found to be substantially correct. It is of interest to 
note that, in the one spot where zinc minerals were 
visible in outcrop, a very small anomaly was found. 
Barren outcrop alone was sufficient, however, to 
refute the possibility of this being an important 
occurrence. 

Physical Exploration: After careful re-examina- 
tion of the area of the large anomaly failed to reveal 
any mineralized rock in outcrop, seven bulldozer 
trenches were cut down to bedrock. All the trenches, 
shown on Fig. 5, exposed some zincy gossan and a 
little sphalerite in dolomite below a capping of 6 in. 
to 12 ft of crudely stratified granitic till. Below zinc 
anomalies of 1000 ppm or less only traces of mineral- 
ization were found. One trench along the highest 
anomaly (10,300 ppm) disclosed 5 ft of mixed red 
gossan and sphalerite assaying 7.9 pct Zn, and for 
65 ft the zone averaged 2.2 pct Zn. 


Diamond drillholes penetrating the mineralized 
zone at a depth of 200 to 300 ft below the trenches 
found the mineralization to be deeply oxidized. A 
typical cross-section through a trench and drillhole 
is shown in Fig. 6, together with the soil samples 
originally taken. The unoxidized material consisted 
of sphalerite and fine-grained pyrite replacing fine- 
grained dolomite along bedding and small fractures. 

Evaluation of Results: Trenching and drilling of 
the principal geochemical soil anomaly at the Chollet 
prospect disclosed a zinc deposit below complete soil 
and till cover. The zinc occurred directly under the 
highest anomaly, although the average hill slope in 
that vicinity is 27°. Fresh till up to 12 ft thick rested 
directly on deeply weathered dolomite enclosing 
the zine mineralization. Probably most of the oxida- 
tion of the zine deposit occurred prior to glaciation. 
No significant amount of zinc was found below 
anomalies of 1000 ppm or less, and little anomaly 
resulted from a partly oxidized zine deposit that 
cropped out. The soil sampling accurately indicated 
the mineralized zone subsequently exposed, but no 
reliable conclusions could be drawn as to the grade 
or commercial value of the deposit from geochem- 
ical work alone. 
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Total cost of cutting survey lines through heavy 
brush and on steep slopes, taking magnetic readings 
and soil samples, mapping, and assaying was respec- 
tively $3.70 per station occupied, and $5.95 per acre 
surveyed. Roughly a mile and a half along the intru- 
sive contact was covered and physical exploration 
localized the exploration targets into a relatively 
small area. It is probable that in a more favorable 
physical environment a somewhat lower cost would 
be realized. 


Conclusions 


Used as aids to geologic studies in mineral pros- 
pecting, soil sampling and related techniques offer 
one method of extending the scope of human ob- 
servation of actual metal distribution. Since it would 
be impractical, however, to run grid surveys to 
sample all the soil over a mining district, desirable 
though this might be, and since thorough district- 
wide coverage by geophysical measurements, other 
than airborne, would also be generally impractical, 
application of these techniques must be narrowed 
down. The first step in mineral exploration would 
seem still to be geologic reconnaissance to obtain 
regional, then local, and finally the detailed setting 
in which a particular prospect may be viewed. By 
this method alone, attention may be focused on the 
relatively small areas that merit more thorough ap- 
praisal, whether such smaller units are along con- 
trolling faults, or folds, favorable beds or alteration 
zones. 

Except for deposits of common metals where 
changed technology has greatly changed the par- 
ticular mineral economics, as in low grade copper 
deposits, and for deposits of newly valuable ele- 
ments such as the radioactive and titanium min- 
erals, it is unlikely that merely examining known 
deposits in the heavily prospected U.S. will in the 
future disclose important concentrations of metals 
hitherto overlooked. It is increasingly necessary to 
rely on geologic interpretation of structural, strati- 
graphic, mineralogical, or hydrological guides to 
mineral deposits and concomitantly on the newer 
methods of examining features of the earth’s crust 
formerly little studied. No over-simplified applica- 
tions of aecepted exploration technique will do. In 
every area it is necessary to draw on all past ex- 
perience, then to improvise and experiment until a 
satisfactory adaptation of general principles of earth 
sciences and technology is evolved. 

In the Northport district geologic mapping from 
air photos and on the ground, magnetometer work 
to sort out rock types, and geochemical sampling to 
indicate concentrations of metal will indicate com- 
pletely concealed zinc-lead deposits that are par- 
tially oxidized. Whether such deposits are of com- 
mercial value is not yet predictable merely by study- 
ing and sampling the area and soil above and around 
them. The area and magnitude of a geochemical 
soil anomaly is dependent both on the primary dis- 
tribution of metal in rocks and on the subsequent 
physiographic history of the district concerned. 
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Requirements of Modern Paper Clays 


The clay particles of 2 microns or less required for modern Paper coating are 
predominantly flat plates, lying smoothly on the sheet and producing a high gloss. 
Operating speeds of today’s coating machines necessitate clay composition of 60 
and sometimes 70 pct solids as against the 35 to 40 pct required in the past. Since 
clays in suspension may solidify in flow, only those of intrinsically low viscosity can 


be used as high coating solids. 


by C. G. Albert 


HE literature of paper technology contains a 
number of articles having reference to develop- 
ments in the field of coating and filler clays for use 
in paper manufacture. Much of this information has 
not been included in mining publications and has 
therefore not been readily available to all in the 
mineral industry. Recent developments in this field, 
including spray drying of clays, are presented here. 
U. S. Bureau of Mines figures for 1952 indicate 
that the paper industry consumes more than 50 pct 
of all kaolin produced and sold in the U. S. As most 
of the kaolin used by the industry comes from 
Georgia producers, the fraction of their output des- 
tined for paper use is thus appreciably higher than 
50 pet. Small wonder that the kaolin industry, es- 
pecially in Georgia, is highly sensitive to the quality 
requirements of paper mills and must respond 
promptly to technological developments in paper 
manufacturing. 

The paper industry itself is not the ultimate con- 
sumer. For the greater portion of the clay the end 
product is the printed page, and the demands of 
printing and publishing have sparked some of the 
technological advances in paper making which have, 
in turn, brought about methods employed in the 
kaolin industry. 

As compared with the product of 20 or 25 years 
ago, one of the most striking characteristics of the 
graphic arts today is the mass production of quality 
printing of fine pictorial work, much of it in full 
color. During this time periodicals with printing 
standards close to those of yesterday’s slick-paper 
publications that were printed on a slow schedule 
and for a limited circulation have grown to the point 
where they go out to many millions of readers, often 
at weekly intervals. The complexity of technological 
improvements brought about by this increased cir- 
culation is probably not appreciated even by tech- 
nical people, unless they have had reasonably close 
contact with the industry. The advance has come 
about through developments not only in the art of 


C. G. ALBERT is Assistant Director of Research, Minerals & 
Chemicals Corp. of America, McIntyre, Ga. 

Discussion of this paper, TP 4074H, may be sent (2 copies) to 
AIME before Dec. 31, 1955. Manuscript, Feb. 3, 1955. Chicago 
Meeting, February 1955. 


TRANSACTIONS AIME 


printing, but also in the field of paper making and 
even at the level of clay mining and processing. 

The smoothness required for faithful reproduction 
of the kind of printed matter under consideration is 
attained with a clay-coated paper. Since the distri- 
bution expense of the publication will depend to a 
great extent on its weight, the paper used must not 
be too heavy. This means a lower basis weight than 
was normal for conventional clay-coated papers 
some 25 years ago. And for this mass production 
market it becomes necessary to provide a paper 
having these and all the other required characteris- 
tics at a very moderate price—not the premium 
price conventional clay-coated papers formerly de- 
manded. 

This challenge has been met by a new method 
of producing coated paper. In the past, application 
of clay coating to paper was a conversion operation, 
performed separately from the making of the base 
sheet. The newer development is called machine 
coating. Here application of the coating is an inte- 
gral step in a continuous process by which wood 
pulp, clay, and other ingredients are manufactured 
into a sheet of coated paper. Many more problems 
are involved in this procedural change than are ap- 
parent at a casual glance. The coating operation, for 
example, must function at much higher linear speed 
than could be obtained with coating mechanisms 
previously employed. The application machinery de- 
veloped to meet this requirement necessitated 
changes in composition of the coating color.* This 


*JIn the paper industry the wet coating composition is referred to 
as color, although it is usually white. 


created new requirements, summarized below, for 
the clay employed as coating pigment. 

In addition to smoothness, a relatively glossy 
printing surface is needed, and to a large measure it 
is the function of the coating clay to make possible 
the development of both these surface character- 
istics. Traditionally, pigments such as satin-white, 
prepared by reacting lime with paper-makers’ 
alum, were used to assist in producing a high finish. 
However, economic considerations and others pre- 
clude large-scale use of such material in the new 
processes. In the 1930’s Maloney’ discovered that a 
certain particle size fraction of kaolin, consisting 
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predominantly of particles less than 2 microns, ex- 
hibited exceptional gloss-imparting properties. 
Coating clays in use today are almost without ex- 
ception particle size fractions of this general type, 
with most of the particles coarser than 2 microns 
eliminated. Only in recent years did the reason for 
this gloss-imparting characteristic of particles of 
particular size become evident, although the fact 
had long been used to advantage. Woodward and 
Lyons,’ by careful electron microscope study, found 
that there was a general change in shape of the clay 
particles at about the 2-micron dimension, as meas- 
ured by sedimentation methods. Particles coarser 
than this size tend to have the form of cemented 
stacked aggregates of plates, more or less vermicu- 
lar in shape. Fig. 1 shows a typical particle in this 
size range. The particles finer than 2 microns are 
predominantly flat plates, about one-tenth as thick 
as their nominal diameter. Fig. 2 illustrates this 
characteristic platey structure. It is easy to see how 
these thin flat platelets, when spread upon the paper 
web, assume a preferred orientation, lying flat on 
the sheet. They thus produce a smoother surface, 
capable of specularly reflecting light to give rise to 
the gloss effect observed by Maloney. 


The processes for coating paper on the paper ma- 
chine operate with coating compositions containing 
a minimum of water. This is made necessary by the 
high operating speeds, for one thing, and the re- 
sultant problems involved in drying the coated 
sheet. Thus while coating colors used in the past 
commonly contained only 35 to 40 pct solids by 
weight, colors for machine coating are normally 
above 60 pct and in some instances approach 70 pct 
by weight. Instead of having slightly more than 11% 
lb of water to make 1 lb of solids flowable, the newer 
compositions offer only 1% lb, a threefold reduction. 
If anything, the requirements as to flow properties 
in the machine-coating processes are more critical 
than ever, and this combination of circumstances 
has made it necessary for everyone concerned with 
the technical aspects of coating clay production to 
know something about rheology. Suspensions of 
clay do not behave like true liquids as to flow. They 
usually do not have a fixed viscosity, but instead 
their flow characteristics depend on the circum- 
stances under which they are observed. Some suspen- 
sions are fluid as long as they are not disturbed, but 
thicken up or even, in severe cases, become solid when 
agitated. Such systems are designated as dilatant. 
Quite a different situation is represented by thixo- 
tropic systems, which exhibit a false body or even 
a gel structure when at rest but become more fluid 
when subjected to shearing forces. 


The relatively low solids coating colors employed 
in conventional paper coating had nearly New- 
tonian or even slightly dilatant flow properties. 
Clays that were not excessively viscous in aqueous 
suspension were generally desirable, but flow prop- 
erties were not highly critical, since it was possible 
to make considerable adjustment by varying the 
adhesive or the solids content of the coating. With 
the advent of high-speed roll coating the picture 
was drastically changed. The necessity for high 
coating solids made it essential that the clays have 
an intrinsically low viscosity. It became equally 
important that the clay aid in imparting thixotropy 
to the coating mixture, so that it would perform 
properly under the conditions of rapid shear en- 
countered in the coating nip and produce a smooth 
level coating. 
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Fig. I—A typical clay particle of over 2-micron size. 


To a degree, the producer of coating clays can 
solve his problem, insofar as rheology is concerned, 
merely by having the foresight to possess an exten- 
sive deposit of uniform crude clay with the desired 
flow properties. Nature does not seem to have pro- 
vided such deposits generously. However, systematic 
prospecting of deposits with a core drill, coupled 
with intensive study of the rheology of core samples 
and selective mining and blending of crude clays, 
can do much to maintain the necessary level of vis- 
cosity. The particle size fractionation, a universal 
step in producing coating clays, increases their 
thixotropy-imparting characteristics. Some work 
has been done on modifying the flow properties of 
clays, to make low viscosity clay from high viscosity 
crude. Lyons’ suggests that extremely fine material, 
presumably bentonitic, is the principal cause of high 
viscosity and that reducing the quantity of such 
material by means of a high-speed centrifuging 
procedure can alter the flow properties of the clay 
to a marked extent and in a favorable direction. 
Millman‘ has found that certain types of mechanical 
work, applied to clay under prescribed conditions, 
cause a major reduction in viscosity. 

If the coating color being applied by a high-speed 
roll coating machine is not thixotropic, if for ex- 
ample it is dilatant, the application roll will have a 
tendency to chatter and the resultant coating will 
have a definite pattern—a rough surface showing 
piling results unsuitable for fine printing. Another 
type of coating defect results from the presence of 
any oversize particles in the coating mixture 
whether they be undispersed clay or contaminating 
non-clay impurities such as sand or grit. Such ma- 
terial becomes imbedded in the coating roll, produc- 
ing small skips in the coating which show up prom- 
inently when the paper is printed. The high solids 
of the coatings make it much more difficult than in 
the past for the paper coater to put the color through 
screens of sufficiently fine mesh to remove undesir- 
able material of this sort prior to its application to 
the paper. The burden is thus more than ever upon 
the clay producer to deliver a truly grit-free prod- 
uct. Permissible residue standards have been low- 
ered to the point where the material remaining on 
a 325-mesh sieve in modern acceptable coating clays 
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Fig. 2—Platey structure characteristic of clay particles less 
than 2 microns. 


is now expressed normally in thousandths of 1 pct 
by weight—and only a very few thousandths. Meet- 
ing such standards is accomplished in part by in- 
creased vigilance to eliminate contamination of clay 
during processing. The particle size fractionation 
step, removing as it does essentially all particles 
coarser than a few microns in size, effectively elim- 
inates gritty material present in the crude clay as 
mined. Every precaution is made to prevent subse- 
quent introduction of foreign matter: stainless steel 
piping is used to minimize contamination by pipe 
scale, fine screening and both wet and dry magnetic 
separators play their part, and housekeeping and 
handling practices have been refined in keeping 
with the strictness of the requirement. Another fac- 
tor in maintaining the residue-free nature of the 
clay right up to the point of use concerns increased 
attention to shipping methods. More and more clay 
for coating purposes is being transported in cov- 
ered hopper cars rather than in box cars, not only 
because of gains in unloading and handling effi- 
ciency but also, in part, because such shipments are 
less subject to contamination en route. 

One type of oversize particle contamination can 
occur despite extreme processing and shipping pre- 
cautions of the type outlined above. Kaolin is a 
heat-sensitive material. When, as a part of its pro- 
cessing, it is fractionated to obtain the finer particle 
size distribution needed for paper coating, this sen- 
sitivity is increased. Economic considerations make 
it ordinarily desirable that clays be shipped at a low 
moisture content. However, drying clay to the de- 
sired moisture content presents a hazard, because 
agglomerates formed by localized overdrying can be 
quite as objectionable from an end-use standpoint 
as contamination with gritty foreign matter. 


Spray Drying 

One solution to this problem, suggested by Dick- 
erman,’ has been simply not to dry the clay with 
heat at all, or at least to dry only a small portion of 
it, and to handle and ship the clay in the form of a 
slurry containing 70 pct or more solids by weight. 
Tank-car shipments of such slurry have had con- 
siderable acceptance. Coating clay is basically an 
inexpensive commodity, however, and shipment is 
frequently made over great distances. Transporta- 
tion costs are thus a factor of no slight importance 
and definitely limit the suitability of undried slurry 
as a final answer to the drying problem. 
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A great deal of attention has been paid to drying 
methods and their control. One system which ap- 
pears to offer the greatest advantages handles clay 
much as other heat-sensitive materials such as coffee 
or milk are handled, performing the drying opera- 
tion in a spray dryer.’ Drying is virtually instan- 
taneous so that prolonged exposure to heat is not 
a problem; the clay is dried out of contact with 
metal, avoiding the possibility that some portion 
will adhere to the hot metal surfaces of the dryer 
and become damaged; the cross-section of the dry- 
ing particle is small, and the surface is therefore not 
overheated and case-hardened; and the form of the 
product is well adapted to modern material hand- 
ling methods. Clay thus dried can have nearly zero 
free moisture content and still be free from over- 
dried hard particles. Spray-drying installations rep- 
resent a sizable capital investment, but the overall 
economics of such processing when it is properly 
performed have been found to be favorable. 

In general, domestic paper clays as mined com- 
pare unfavorably with clays from England and with 
other pigments as to color. For more than 25 years 
domestic clay producers have made use of chemical 
bleaching treatments to improve the whiteness of 
their product. The bleaching processes employed 
exhibit some variation, but all are believed to in- 
volve the use of hydrosulphites such as ZnS;O, in 
some form. For some time after the inception of 
bleaching as a unit process in clay production the 
attainment of a bright, white product was the only 
goal. Later developments in coating processes and 
in the adhesives used have introduced a new com- 
plication. Complete dispersion of the clay at the 
required high solids content is adversely affected if 
the clay contains excessive soluble, ionizable mate- 
rial. Furthermore, some of the adhesive composi- 
tions used are sensitive to certain ions. These factors 
have made it necessary that the clay producer re- 
move nearly all the residual chemicals resulting 
from the bleaching operation or other steps in his 
process. The criterion is usually the electrical con- 
ductance of water that has been boiled with a sam- 
ple of the clay in prescribed proportions. Specific 
resistance of this test water commonly runs, under 
present standards, as high as 10,000 ohms. The us- 
ual remedy for water-soluble impurities is to rinse 
thoroughly with pure water. Inasmuch as removal 
of water comprises a good-sized share of the prob- 
lem of coating clay production, it will be readily 
apparent that the necessity for thorough rinsing 
complicates the operation considerably. 

It can be seen, then, that developments in the 
publication field and in the manufacture of paper 
have greatly increased the consumption of clay, 
especially for coating purposes. At the same time, 
they have made the production of satisfactory clays 
a much more complex operation than was the case 
25 years ago. The kaolin industry has been able to 
keep pace with the exacting requirements imposed 
upon it. When it is remembered that despite the 
rigid standards they must meet and the processing 
these standards necessitate, coating clays are still 
among the least expensive pigments available, this 
can be regarded as a particularly impressive per- 
formance. 
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Fig. 1—Flow diagram of the Orcarb process for agglomerating fine 
ores with low temperature coke shows the pilot operation as it is 
now constituted. 


Agglomerating Fine Sized Ores with 


Low Temperature Coke. 


by C. E. Lesher 


Two processes for agglomerating fine sized ores with low temperature coke are 
described. One process (Orcarb) agglomerates ores with limited amounts of carbon; 
the other (ore-carbon pellets) pelletizes fine sized ores, using low temperature cokes 
as the binder. Data are presented on the products obtained when taconite, magne- 
tite, and hematite concentrates and several titanium oxide ores were used. 


EDUCTION of finely divided oxide ores has long 
been a major metallurgical problem. Various 
methods of agglomerating, notably briquetting, sin- 
tering, nodulizing, and pelletizing, have been de- 
veloped and are in industrial use. Carbon is the 
usual reducing agent for oxide ores and attempts 
have been made to agglomerate fine ores with coking 
coal in order to get the metallurgical advantages of 
intimate contact and increased particle sizes suitable 
for subsequent smelting or reduction.’ 

For the past three years, research has been in 
progress on two processes for combining fine sized 
ores with reactive carbon in the form of low tem- 
perature coke. By one process, designated Orcarb, 
the ore is coated with coke carbon in amounts lim- 
ited to that required for reduction and the result is 
an appreciable but limited increase in product par- 
ticle size over that of the original ore. The second 
process, called ore-carbon pellets, produces pellets 
of fine ore bound by low temperature coke. 

The first objective was to develop a process for 
combining an oxide ore with only enough carbon 
for its reduction, the amount being that derived 
from the simple reduction equations. The carbon 
(that amount theoretically required for the reduc- 
tion of the oxides in an agglomerate with ore), cal- 
culated to CO, ranges from 10 pct for zine calcines 
or phosphate ores to 21 pct for rutile and 26 pct for 
silica. The carbon required for reducing iron oxides 
falls between the extremes—10 and 26 pct. When 
the carbon in the agglomerate is low temperature 
coke, reduction by hydrogen may be expected to take 
place, thus modifying the calculated carbon require- 


C. F. LESHER, Member AIME, is Consulting Engineer, Pittsburgh. 

Discussion on this paper, TP 4058CF, may be sent (2 copies) to 
AIME by Dec. 31, 1955. Manuscript, Dec. 8, 1954. Chicago Meet- 
ing, February 1955. 


944—MINING ENGINEERING, OCTOBER 1955 


ment. On the other hand, in practice, an excess of 
reducing agent over that required in theory is nor- 
mally used. 

Screen sizes of three iron ores on which the greater 
part of the experimental work was performed are 
given in Table I. Most of the testing was done with 
Freeport (Renton Mine) coal, but Pittsburgh and 
Elkhorn bed coals were also used. 


Table |. Screen Sizes of Certain Iron Ore Concentrates 


Taconite, Hematite, Magnetite, 


66.3 Pct Fe 60.6 Pct Fe 63.8 Pct Fe 

Cu- 

Cumu- Cumu- mu- 

Screen Size, lative lative lative 
Tyler Mesh Pct Pet Pet Pet Pet Pet 
On 4 — 1.5 
4x8 — — 0.4 1.9 — — 
8x14 0.05 0.05 0.4 ao 0.8 0.8 
14x28 0.10 0.15 0.8 Sek 19.8 20.6 
28x48 0.23 0.38 5.8 8.9 32.9 53:5 
48x100 2.22 2:60 24.6 33.5 24.8 78.3 
100x200 23.40 26.00 23.0 56.5 14.7 90.0 

—200 74.00 43.5 10.0 


Orcarb Process 

The first objective was to agglomerate the ore 
with sufficient low temperature coke to provide car- 
bon for reduction, i.e., in the range from 19 to 25 
pet. This was accomplished by preheating the ore, 
mixing with pulverized coking coal, and completing 
the coal carbonization in a plain steel rotating retort. 

The pilot retort, as it is now constituted, is shown 
by diagram in Fig. 1 and photograph, Fig. 2. Ore is 
fed into the upper kiln by a screw; it is heated to 
900° to 1100°F by direct flame and it is then dis- 
charged into an insulating hopper from which it goes 
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at a predetermined rate into a mixing conveyer. 
Pulverized coal also goes to the mixing conveyer at 
a measured rate from another hopper. The mixture 
is continuously charged into the lower externally 
heated retort where the operation is completed and 
from which the solid product, Orcarb, as well as tar 
vapor and gas, is continuously withdrawn. The 
process depends upon bringing the fine sized heated 
ore particles into contact with the coking coal in 
such a temperature relationship that the ore is coat- 
ed with low temperature coke before the denser ore 
and lighter weight coal segregate. At first, softened 
bituminous material coats the ore; then the finest 
sized coated particles will be bonded into larger 
aggregates if the bituminous material is more than 
sufficient to coat and impregnate the ore particles. 

Uniformity of product, in both size and analysis, 
depends upon charging the coal into coke while it is 
in contact with the ore. To accomplish this, the 
average temperature of the raw coal and ore in the 
mixer is maintained just below the softening point 
of the coal; the two materials are well mixed and 
charged into the revolving retort where they are 
immediately further heated to complete the car- 
bonization of the coal. 


Table II. Analyses of Orcarb by Size* 


Screen Size Mesh Wt Pet Ignition Loss, Pct 


On Through A B A’ B 
6 —- 4.2 5.0 14.7 7.3 
10 6 8.3 8.0 18.5 Tica: 
14 10 8.0 Med, 18.2 18.0 
20 14 11.5 13.5 18.4 ico 
60 20 42.1 45.0 14.7 14.1 
100 60 6.7 6.7 10.7 10.5 
—_ 100 19.2 14.1 4.8 4.0 
100.0 100.0 

Weighted average, total — — 13.5 13.1 
+60 mesh — — 16.1 15.0 


* Total sample of Orcarb weight 3600 lb. 


In this process, the percentage of ore is decreased 
as the percentage of carbon is increased. This rela- 
tionship is shown in Fig. 3 where the iron percent- 
ages are plotted against the carbon percentages for a 
series of tests on two different iron ores. The per- 
centages of carbon were determined by combustion, 
using the procedure for ultimate analysis of coal 
or coke. 

Size distribution and relative analyses of Orcarb 
made from taconite concentrates are shown in Table 
II. These figures represent the totals obtained from 
the production of 3600 lb +60 mesh Orcarb from 
taconite concentrates. The product that passed the 
60 mesh screen was recycled. Each 100 lb charge 
that was processed contained approximately 17 lb 
coal, 63 lb ore, and 20 lb —60 mesh recycle. Total 
carbon in the product was 13.5 pct. Carbon in the 
+60 mesh product was 15.5 pct. The data in col. A, 
Table II, covers two-thirds of the total production 
and that in B, the final third. The figures designated 
ignition loss are 100 pct less ash for each sample. 
Ignition loss represents an approximation of the car- 
bon and volatile matter in the product. 

Three series of tests, in which the ratio of coal to 
ore charged was varied, are recorded in Table III. 
As indicated by the data in this table, the granular 
product of the Orcarb process is largely within the 
6x60 mesh range and the amount of carbon in the 
Orcarb may be varied from 10 to 25 pct as desired. 
Of the series 1 (Table III) Orcarb, which contained 
over 21 pct C, 65 wt pct fell in the +20 mesh size, 
and two-thirds of 65 wt pct product was +6 mesh. 
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Table III. Screen Sizes and Analyses of Orcarb* 
Size Mesh Series 1 Series 2 Series 3 
Total Carbon, Pct 

+20 25.0 21.0 19.4 

60x20 20.6 16.3 15.8 

—60 8.0 6.5 4.0 

Average 14.3 alu 

Total Iron,; Pct 

+20 45.7 47.9 48.1 

60x20 49.5 53.2 

—60 56.0 58.0 60.0 

Average 48.0 52.6 55.2 

Wt, Pct 

+20 65.0 31.9 19.5 

60x20 16.5 34.6 36.5 

—60 18.5 33.5 44.0 
100.0 100.0 100.0 


* Orcarb was produced from taconite concentrates and high vola- 
tile coking coal. ; 

+ Analyses of a number of samples from these tests gave 14.0 to 
16.0 pct of the total iron as FeO. 


Less than 2 pct of the total weight of the Orcarb in 
series 2 and 3 was +6 mesh. 

The percentage of carbon in the product is limited, 
by certain metallurgical processes, to that required 
for reduction; these processes introduce process heat 
from sources other than by the combustion of carbon 
in the charge. Some examples in which the process 
heat applied is independent of that available in the 
carbon charge are the reduction of zinc oxide in re- 
torts, iron ore in the electric are furnace, and titani- 
um oxide in the chlorination process. Orcarb will 
meet the carbon requirements and, for some uses, 
the size requirements. It will be suitable for use in 
a fluid reactor, but because of the small size of the 
product, it will not be suitable for a fixed bed re- 
actor. Orcarb has been found to be an efficient ma- 
terial for reducing iron in the electric open arc 
furnace, 


Ore-Carbon Pellets 


The next step in the study of agglomerating fine 
sized ores with low temperature coke was to develop 
a process for producing large particle sized aggre- 
gates for use in the fixed bed reactor. Thus, the 
objective became the control of product particle size 
rather than limited carbon content as discussed pre- 
viously. Assuming that more coal would automati- 


Fig. 2—Orcarb pilot plant is used for agglomerating the ore 
with low temperature coke. On the upper right is the ore pre- 
heating kiln; in the center left are the insulated hot ore and 
coal hoppers from which the coal and ore are charged to the 
mixing conyeyer; and on the left is the charge end of the 
externally heated retort. The kiln and hoppers are separately 
mounted on carriages and can be withdrawn so that the interior 
of the retort can be inspected. 
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Fig. 3—In the Orcarb process, the percentage of ore is decreased 
as the percentage of carbon is increased. The graph shows this rela- 
tionship for two ores, taconite and magnetite concentrates, and 
coking coal. 


cally create larger product, tests were made with 
the same ores, coal, and procedure used for manu- 
facturing Orearb. The results were unsatisfactory. 
No product control resulted, and ore and coal segre- 
gated in the retort. The product consisted of irreg- 
ular masses of coke with low ore pick-up and of 
much fine and broken material with a high iron 
content. Cokey crusts built up on the retort walls 
and on the end of the feed screw. 

After conducting tests for several months with 
different ores and coals, it was decided to try pellet- 
izing these raw materials in the way developed for 
processing ores with water binder. 

Fine sized ores are currently being rolled into 
pellets with water for a binder. These pellets or 
mud balls are dried, baked, and utilized in subse- 
quent processing. The operation is simple: ore is 
wetted with water, rolled at atmospheric tempera- 
ture in a plain steel horizontal cylinder, roughly 
sized, and dried sufficiently for handling. The vari- 
ables in the process are the percentage of water 
binder, diameter and length of the kiln or retort, 
and the speed of rotation. It appears that the most 
important variable is the percentage of water used; 
this may vary with the different charge materials. 


Fig. 4— Photograph 
of the interior of the 
ore-carbon _ pelletiz- 
ing retort was taken 
of the operation un- 
der load. The retort 
was halted in process 
and the load allowed 
to cool. The uncon- 
solidated charge mix- 
ture of coking coal 
and iron ore con- 
centrates can be seen 
in the foreground. 
The mixture is chang- 
ing to pellets in the 
center and formed 
pellets can be seen 
in the background at 
the discharge end. 
The curved pipe in 
the upper right con- 
tains a thermocouple. 
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Fig. 5—The pellets shown here were those discharged before the 


The peripheral speed of the pelletizing drum must 
be such that it carries the wet charge up but not 
over the drum. Wet pellets are fragile. Different 
devices and procedures are being used for drying 
and subsequent hardening, baking, or calcining. 

In the process being discussed, plastic coal is used 
as the binder for fine ore pellets and the pellets are 
rolled and hardened by the coal in one operation. 
The one operation, of binding, rolling, and harden- 
ing, is accomplished by bringing fine sized ore and 
coking coal in intimate mixture to the pelletizing 
drum or retort at a temperature approaching that 
of the softening point of the coal; the temperature 
in the retort is increased in order to make the coal 
plastic as the mixture is rolled. The operation is 
continuous and the pellets, as they are formed, 
travel from feed to discharge end of the retort and 
are removed as solid pellets. Heat to complete the 
coal softening and to carry it through the plastic 
condition to solid form is put into the charge through 
the steel shell of the retort. Tar vapor and gas are 
withdrawn, of course, as they are produced. 

The ore is heated in a direct fired rotary kiln to 
between 800° and 900°F and is delivered continu- 
ously to an insulated mixing conveyer. The coal is 
fed continuously into the same mixer. The materials 
are allowed to remain in the mixing conveyer only 
about 1 min. As the mixture leaves the mixing con- 
veyer, it has an average temperature below the soft- 
ening temperature of the coal and is fed into one 
end of the revolving pelletizing retort. This retort 
is heated by external burners and the temperature 
of the charge of coal and ore inside is raised at such 
a rate that the coal becomes plastic as it is being 
rolled with the ore. Pellets are formed and travel 
along the retort to the discharge end. Sufficient heat 
is applied so that the temperature of the product 
inside the retort and at the discharge end is main- 
tained at 900° to 950°F. The pelletizing process has 
been accomplished with ores largely finer than 20 
mesh and with coking coals having the plastic quali- 
ties of either the Pittsburgh or the Freeport beds. 

Fig. 4 shows the interior of the pelletizing retort 
where the material is being changed from loose 
charge (bottom) to pellets (top). To obtain this 
picture, the retort was started in normal fashion: 
ore was charged through the preheating kiln at the 
rate of 2.5 lb per min and then mixed with the coal 
which was fed at the rate of 1.2 lb per min. After 


45 min of normal operation, the process was sud- 


operation was halted for the photograph in Fig. 4. The rough sur- 
faces have been polished and many of the larger pellets have been 
broken during handling through the discharge screw. A large part 
of the —'% in. material in the product can be accounted for by 
abrasion. 
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Fig. 6—The diagram shows the product sizes of ore-carbon 
pellets produced from fine sized hematite and magnetite ores 
and increasing percentages of coal. The hematite concentrate 
was the largest ore in order of pellet size and the magnetite 
was next. 


denly stopped, the burners shut off, and the unit 
sealed and allowed to cool over night. The retort in 
Fig. 4 was rotating counterclockwise. The loose 
unconsolidated charge is seen at the bottom of the 
photograph and the finished pellets, which are ready 
to be carried up and into the discharge screw, are 
seen at the top. The material in the center, between 
the loose charge and the finished pellets, was be- 
tween 2 and 3 in. thick and solid when cold. When 
the solid mass was examined, it was seen that, with- 
in 12 to 18 in. from the charge end, pellets were 
being formed in what was evidently a matrix of 
plastic material. In the center of the 4 ft long retort, 
pellets predominated and beyond that point all the 
material was in pellet form—at first sufficiently 
plastic to solidify to mass when cold, but at the dis- 
charge end comprised of solid separate pellets. 

Before the retort was stopped for the photograph 
shown in Fig. 4, the screen analysis of the product 
already discharged (Fig. 5) was: 27.4 pct 1x1% in., 
43.7 pct %x1 in., 16.3 pct %4x%™% in., 4.4 pct 4 mesh 
by % in., 0.7 pct 6x4 mesh, and 7.5 pct —6 mesh, 
totaling 100 pct. 


Pellet Product 

The pellet product consists of generally rounded 
particles, the average size of which depends upon 
the ore particle size and the relative amount of coal 
in the charge. The size distribution of pellets made 
from four different ores pelletized with increasing 
percentages of coal are shown in Figs. 6 and 7. The 
effect of ore particle size on product size as increas- 
ing percentages of coal are used is brought out more 
clearly in Fig. 8. In this diagram, the weight percent 
of +%% in. pellet product produced from each ore is 
related to the amount of coal charged with the ore. 
The increase in size is more or less directly propor- 
tional to the amount of coal used; the coarsest ore 
shows 20 to 25 pct more +% in. product than the 
finest. The weighted average size of the pellet prod- 
uct over 6 mesh varies from about 0.275 to 0.5 in. 
Except for the coarsest ore tested, the weighted 
average sizes of +6 mesh fall in the range of 0.3 
to 0.4 in. 

Undersize pellets may be recycled. In the tests 
that have been made on the recycled material, it has 
been found that, although a —6 mesh material is 
much larger than the ore, there is no corresponding 
gain in product particle size. No doubt this is due 
to the porosity of the recycled material, since it re- 
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Fig. 7—The product sizes of ore-carbon pellets produced from fine 
sized taconite ore and slag and increasing percentages of coal are 
shown in the diagram. Of the four materials shown in Figs. 6 and 7, 
the taconite concentrates were the finest in particle size. The 
ilmenite furnace slags were larger than the taconite but smaller 
than the hematite (largest) and magnetite (second in size). 


quires more binder than denser and finer sized ore. 
This condition can be corrected by pulverizing the 
material to be recycled. The bulk density of the 
pellet product made from —6 mesh recycle was 46 
lb per cu ft, as compared with 66 lb for product 
made from ore, bulk density of which was 117 lb. 


Analyses 

Analysis of the low temperature coke in the ag- 
glomerated products has been calculated from the 
analyses of agglomerates made from an oxide ore 
(rutile) that is neither oxidized nor reduced during 
processing. The results presented in Table IV for 
two tests were derived by first calculating to mois- 
ture-free and ash-free bases and then adjusting to 
the basis of 6 pct ash coke. 


Physical Properties of Pellets 
It would be desirable, of course, to compare the 
physical strength of the pellets with other sized 
material of like nature, in the way in which cokes 
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Fig. 8—In the diagram, the four ores of Figs. 6 and 7 are com- 
pared with respect to pellet size, with the addition of data 
from tests with rutile. H stands for hematite concentrates; M, 
magnetite concentrates; R, rutile; S, ilmenite furnace slags; 
and T, taconite concentrates. 
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are compared by shatter and tumbler tests and fuel 
briquets by crushing, accelerated weathering, and 
tumbler tests. Taconite pellets, after drying and 
baking at 2000°F (more or less) in vertical shaft 
retorts, are compared for resistance to abrasion and 
breakage by a tumbler test in the device used for 
stability testing of furnace coke. 


Table IV. Analysis of Low Temperature Coke in the 
Agglomerated Products 


Test No. 146 Test No. 150 
Moisture Moisture 
and Ash-Free Dry and Ash-Free Dry 
Volatile matter 17.5 16.5 23.0 21.6 
Fixed carbon 82.5 W715 77.0 72.4 
Ash — 6.0 —_— 6.0 


Actually these ore-carbon pellets are tumbler 
tested during the manufacturing process. The pel- 
lets, while plastic during formation, are rounded 
and compacted by the centrifugal force imposed in 
the rotating drum. After solidification, they are as 
effectively tumbled and tossed as they would be in 
any other device. Product of less than % in. is 
believed to be largely the result of this tumbling. 


Temperature Susceptibility 

Some concern has been expressed over the belief 
that agglomerates of ore and low temperature coke 
are highly susceptible to shock when exposed to the 
temperatures at which reducing reactions take 
place; the author, however, can find no evidence to 
support this assumption. On the contrary, there is 
evidence that this kind of agglomerate is not subject 
to disintegration, explosion, or shattering when 
heated to high temperatures, either gradually or 
suddenly. After exposure to the effects of weather 
for several years, 2 and 3 in. pieces of Ore-Disco 


were dropped into a molten slag bath in an electric 
furnace and withdrawn after about 15 min. They 
did not shatter, crumble, or disintegrate. No break- 
down in size resulted after samples of ore-carbon 
pellets were heated to 1700°F in closed cast iron 
pots. The only effect of such treatment seemed to 
be hardening of the pellets and, of course, reduction 
in the volatile matter content. 

Tests have been made and are continuing on the 
use of these pellets, manufactured from rutile and 
ilmenite ores, in chlorination fixed bed processes. 
The information that is available shows that the 
pellets are well formed, strong, and _ readily 
chlorinated. 

Summary 

Ore concentrates are pelletized, using low tem- 
perature coke as a binder. Fine sized preheated ore 
and pulverized coking coal are rolled to pellet form 
and hardened continuously in a rotating externally 
heated retort. The carbon in the product may be 
varied from 25 to more than 40 pct. With a given 
ore, the pellet product size increases as the amount 
of carbon is increased. These pellets are adapted for 
oxide reduction in fixed bed reactors and buried arc 
electric furnaces. 

By another process, a product called Orcarb is 
made from ore concentrates or calcines; in this 
process the ore particles are coated with a prede- 
termined and limited amount of carbon (in the 
range of 10 to 25 pct), and the product used is large- 
ly between 10 and 60 mesh. Orcarb is suitable for 
use in fluid bed reactors, open arc electric furnaces, 
or other operations in which the process heat is 
externally applied. 


References 


1U. S. Patent No. 1,711,153. 

2U.S. Patent No. 2,029,309. 

3C, E. Lesher: Low Temperature Coke as a Reactive Carbon. 
AIME Trans., July 1950, vol. 187, pp. 805-810. 


Discussion 


An Agglomeration Process for Iron Ore Concentrates 
by W. F. Stowasser 
(Mining Engineering, page 473, May 1955; AIME Trans. v. 201) 


Robert E. Hagen (Oliver Iron Mining Div., U. S. Steel 
Corp.)—Mr. Stowasser and his associates are to be con- 
gratulated on their achievements in developing the 
design of a pilot agglomerating plant, based on infor- 
mation obtained from experiments made in a labora- 
tory sinter pot, and subsequently constructing and suc- 
cessfully operating this plant. 

In his Transactions article, May 1955 (vol. 201) Mr. 
Stowasser stated that the output of his heat treating 
strand was about 2 Lt per sq ft of grate area per day 
and that the fuel consumption was 0.7 to 0.8 million 
Btu per Lt of product. If it is assumed that the burn- 
ing zone extends from the back of the ignition furnace 
to the beginning of the recuperation windbox, only 
about 1/3 of the grate area over the windboxes is 
utilized for burning pellets, and the actual rate at 
which partially dried pellets are burned is about 6 Lt 
per sq ft of grate area per day. 

It may be interesting to compare the above operating 
data with that obtained at the Extaca plant, where 
taconite concentrate is treated on a conventional sin- 
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tering machine using limestone or hydrated lime addi- 
tives with no recuperation of heat. The entire windbox 
area is used for burning, and a production rate of 2.5 
Lt per sq ft of windbox area per day has been attained 
at a fuel consumption of 1.8 to 2.0 million Btu per Lt 
of product, the latter being considerably in excess of 
that reported by Mr. Stowasser, partly because a circu- 
lating load of returns amounting to 28 to 30 pct of the 
machine feed is used and because no attempt is made 
to recuperate heat from the waste gases. 

With the high capital and labor costs prevailing to- 
day, it seems that future development of the downdraft 
grate pelletizing process should be directed toward tak- 
ing advantage of the high burning rate of predried 
pellets and increasing capacity, perhaps at the expense 
of fuel economy, by decreasing the proportion of grate 
area utilized by ancillary functions. For example, elim- 
inating the cooling zone and using this area for burn- 
ing would increase the proportion of grate area avail- 
able for burning from 33 to 50 pct of the total windbox 
area, and a proportionate increase in capacity would 
result. 
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Analysis of Variables in Rod Milling 


Comparison of Overflow 


And End Peripheral Discharge Mills 


by Will Mitchell, Jr, C. L. Sollenberger, T. G. Kirkland, 
and B. H. Bergstrom 


VES a previous article’ the authors outlined a study 
of the variables in rod miiling and also reported 
data from a series of open circuit grinding tests on 
a massive limestone in a 30-in. x 4-ft end peripheral 
discharge rod mill. As a second part of the experi- 
mental program, an analysis is now presented for 
the 30-in. x 4-ft overflow rod mill grinding under 
identical conditions, except that discharge ports on 
the periphery of the mill shell have been sealed so 
that the products from the present series overflowed 
through a 9-in. diam opening in the center of the 
end plate. A variance analysis has been made of 
the combined data for the two experiments, and 
performances of the two mills are compared here. 

Included in the first report’ were descriptions of 
feed preparation, rod mill circuit, instrumentation 
and controls, and techniques used to evaluate data. 
Dependent and independent variables were defined, 
and variance analyses were made to test the rela- 
tive significance of variables and to establish mag- 
nitude of error for the experiment. Significant data 
were plotted in various combinations, and conclu- 
sions were drawn from the graphs. The procedure 
and analysis in this series of tests follows the first 
tests and is not repeated. 

Data from the second series are recorded in Table 
I. Listed in the first three columns are the independ- 
ent variables of feed rate (1000, 2000, 3000, 4000, 
and 5000 lb per hr), mill speed (50, 60, 70, 80, and 
90 pct of critical), and pulp density (50, 60, 70, and 
80 pet). The dependent variables, Ps, Pio, reduction 
ratio, slope of the log-log sieve analysis curve, 
power demand, and Bond work index follow. Of 
these, only the reduction ratio and the Bond work 
index were analyzed for significance. Production of 
new surface as calculated from sieve analyses has 
not been included for this series because of the ques- 
tionable assumptions that have to be made to satisfy 
the formulas involved. The large number of prod- 
ucts obtained during the runs precluded the use of 
surface measurement techniques by the gas adsorp- 
tion methods at this time; however, samples of all 
products have been stored for future reference. 

To test the consistency of the reporting of the 
sieved products, an averaged sieve analysis was 
calculated from the wet-dry plots obtained from the 
three product samples of each run. The resulting 
averaged analysis was plotted and the Pw selected. 
The relative deviations of the Px’s from each of the 
three product samples with respect to the Ps of the 
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averaged analysis were then calculated. In only two 
sets were the relative deviations (6.2 and 9.9 pct) 
considered excessive. In each of these two sets, one 
sieve analysis was obviously out of line; hence that 
analysis was ignored and new averages were com- 
puted. This reduced the relative deviations to 1.2 
and 2.7 pct respectively. The relative deviations of 
the product analyses with respect to their averages 
ranged from 0.1 to 1.4 pct at 1000 lb per hr, 0.0 to 
1.1 pet at 2000 lb per hr, 0.2 to 3.0 pet at 3000 lb 
per hr, 0.3 to 4.3 pct at 4000 lb per hr, and 0.5 to 5.2 
pet at 5000 lb per hr. 

The relative deviation of the 80 pct passing point 
for 96 dry sieve analyses of the feed with respect 
to that of the averaged analysis was 7.6 pct. This 
slightly higher percentage can probably be attri- 
buted to a greater proportion of tramp oversize in 
a crusher product than is ordinarily found in a rod 
mill product. 

The last column on Table I lists the adjusted work 
index, which has been used as the measure of effi- 
ciency for the various combinations of operating 
conditions investigated. Efficiency increases as the 
index becomes lower. 

It was reported in the previous paper that the 
work indexes for the Waukesha limestone used in 
these experiments decreased as the product size de- 
creased (as calculated from Bond grindabilities). 
That is, this limestone becomes easier to grind as 
the material becomes finer. This is unusual, because 
the work index for most materials as calculated 
from the Bond grindability has remained constant as 
the product size decreased or has increased slightly. 
Table II lists the results of Bond grindability tests 
at all mesh sizes from 3 to 200 and the work indexes 
calculated from them. 

To remove this variation of work index with 
product size from the data so that results would 
apply to any material of constant work index, the 
work index values shown in Table II were plotted 
against product size on log-log paper. From this 
curve (a straight line function in this case), the 
expected work index for the product size for each 
of the runs of the experiment was obtained. The 
work indexes as calculated from the reduction ratio 
and energy consumption were then divided by the 
corresponding expected work index. The results 
obtained are reported in percentages on Table I as 
adjusted work index and are actually percentages 
of the work index for the Waukesha limestone at 
the size in question. Multiplication of the work index 
value for a material of constant index by these per- 
centages should allow the application of the ad- 
justed work index curves to the material. 

Only the adjusted work index values, not the 
actual experimental values, were used for the vari- 
ance analyses and for the graphs. 
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Table |. Data for 30-In. x 4-Ft Overflow Discharge Rod Mill* : 


Feed Mill Pulp Den- Reduction Power Work In- Adjusted 

Test Rate, Lb Speed, Pct sity, Pct Pso Pi00 Ratio Demand, dex, Kwh Work In- 

No.* Per Hr** of Critical Solids Microns Mesh Slope F's0/Pso Kw Per Ton dex, Pct 
81 1000 50 50 117 8 0.248 108.5 4.07 9.6 143 
82 60 105 8 0.337 121.0 4.84 11.0 168 
83 70 93 8 0.306 136.6 LEY it 122 192 
84 80 86 8 0.289 147.7 6.45 13:2 211 
85 90 97 8 0.338 130.9 6.91 ibyal 235 
86 50 60 108 10 0.327 117.6 4.04 9.2 139 
87 60 99 8 0.315 128.3 4.60 10.0 155 
88 70 93 10 0.312 136.6 5.69 11.9 186 
89 80 91 10 0.299 139.6 6.54 1Si6 214 
90 90 97 10 0.288 130.9 7.03 ilsy-al 235 
91 50 70 106 10 0.289 119.8 4.13 9.3 142 
92 60 96 10 0.300 132.3 4.62 9.8 154 
93 70 93 10 0.277 136.6 5.79 hs 193 
94 80 91 10 0.286 139.6 6.46 1333 211 
95 90 99 10 0.319 128.3 6.99 15.4 238 
96 50 80 128 10 0.307 99.2 4.01 10.1 148 
97 60 113 10 0.272 112.4 4.70 res 174 
98 710 123 10 0.274 103.3 5:73 14.0 206 
99 80 137 10 0.264 92.7 6.01 15.7 226 
100 90 140 10 0.283 90.7 6.36 17.0 243 
101 2000 50 50 302 3 0.333 42.1 4.67 9.6 115 
102 60 235 3 0.343 54.0 5.24 9.4 119 
103 70 218 4 0.335 58.3 5.95 10.2 132 
104 80 210 6 0.330 60.5 6.95 11.4 150 
105 90 224 8 0.337 56.7 7.65 13.2 170 
106 50 60 317 4 0.345 40.1 4.59 9.7 116 
107 60 260 6 0.328 48.8 5.72 10.8 135 
108 70 214 8 0.329 59.3 6.46 10.9 142 
109 80 209 6 0.335 60.8 7.20 12.0 157 
110 90 238 6 0.322 53.4 7.46 13.4 170 
111 50 70 318 4 0.326 39.9 4.48 9.5 113 
112 60 278 4 0.325 45.7 5.10 9.8 121 
113 70 243 6 0.324 SPAS) 6.07 10.9 138 
114 80 228 8 0.315 Bae! 7.02 PAE 157 
115 90 230 8 0.329 sy 7.39 13.0 166 
116 50 80 400 4 0.329 31.8 4.43 10.8 122 
60 315 8 0.312 40.3 134 
118 70 310 6 0.310 41.0 6.16 12.9 154 
119 80 288 8 0.313 44.1 6.76 11835) 164 
120 90 305 6 0.300 41.6 6.81 14.0 168 
121 3000 50 50 915 %@ in 0.371 13.9 4.23 te7, 109 
122 60 565 3 0.369 220 4.99 10.4 108 
123 70 443 4 0.378 28.7 5.92 10.2 112 
124 80 392 6 0.374 32.4 6.85 11.0 124 
125 90 420 4 0.363 30.2 6.89 ts 128 
126 50 60 1000 %, in 0.362 12.7 4.03 11.8 108 
127 60 645 3 0.365 19.7 4.61 9.8 99 
128 70 395 4 0.367 32.2 6.73 9.3 105 
129 80 395 3 0.365 32.2 6.61 10.7 121 
130 90 420 4 0.352 30.2 7.01 11.8 132 
131 50 70 730 3 0.371 17.4 4.22 10.0 99 
132 60 545 4 0.365 233 5.28 10.4 109 
133 70 535 3 0.361 23:7 5.90 11.4 121 
134 80 490 4 0.358 25.9 6.52 12.0 129 
135 90 475 4 0.352 26.7 6.86 12.3 134 
136 50 80 740 4 0.359 17.2 4.26 10.2 100 
137 60 630 4 0.349 20.2 4.89 10.4 106 
138 70 555 0.348 22.9 5.66 11.2 
139 80 468 6 0.351 27.1 6.66 11.9 129 
140 90 480 6 0.354 26.5 6.58 12.1 131 
141 4000 50 50 1060 3¥% in 0.359 12.0 3.81 8.7 79 
142 60 840 83 0.368 15-1 4.16 8.3 79 
143 70 765 3 0.365 16.6 5.09 9.4 91 
144 80 555 4 0.357 22.9 5.72 8.6 90 
145 90 795 3 0.346 16.0 5.87 ahh is! 107 
146 50 60 2970 % in 0.329 4.3 3.43 18.0 129 
147 60 1580 VY, in. 0.341 8.0 4.34 13.3 110 
148 70 990 38 in. 0.354 12.8 5.28 11.5 105 
149 80 695 4 0.343 18.3 5.91 10.2 101 
150 90 860 0.327 14.8 5.89 111 
151 50 70 2670 Y in. 0.319 4.8 3.43 16.3 120 
152 60 1220 ¥e in. 0.327 10.4 4.45 Lee 98 
153 70 810 3 0.338 TSC 5.20 9.8 94 
154 80 840 3 0.339 15.1 5.97 11.6 110 
155 90 935 ¥e in. 0.342 13.6 5.94 12.4 116 
156 50 80 3700 % in. 0.299 3.4 3.46 24.7 168 
157 60 2830 lin. 0.295 4.5 4.15 21.0 152 
5s 70 1770 % in. 0.323 7.2 4.94 16.4 132 
159 80 1040 ¥% in. 0.341 12.2 5.30 11.9 108 
160 90 1040 ¥@ in. 0.333 12.2 5.65 12.6 115 
161 5000 50 50 4900 % in. 0.331 2.6 2.93 21.6 138 
162 60 3340 ¥ in, 0.376 3.8 3.73 Li¥ 123 
163 710 2170 ¥ in, 0.399 5.9 4.39 13.9 107 
164 80 1500 ¥e in. 0.370 8.5 OnlS 12.1 101 
165 90 Mill overloaded — _ = a= 
166 50 60 4950 % in. 0.338 2.6 3.08 25.6 163 
167 60 4050 % in. 0.343 3.1 3.22 20.9 139 
168 70 2420 ¥Y in. 0.382 5.2 4.21 14.7 110 
169 80 1750 Ye in. 0.377 wo 4.96 13.2 106 
170 90 Mill overloaded — 
171 50 70 3550 % in. 0.307 oH} 2.97 16.7 115 
172 60 3400 % in 0.309 3.7 3.77 19.4 135 
173 70 1920 Ye in 0.344 6.6 4.42 12.6 100 
174 80 1120 ¥4 in 0.348 hss 5.14 9.8 87 
175 90 1660 ¥% in 0.350 mek 4.90 12.7 103 
176 50 80 3650 ¥%, in. 0.312 3.5 3.07 16.9 116 
177 60 2580 ¥ in 0.315 4.9 3.92 14.4 107 
178 70 2300 % in 0.314 5.5 4.45 14.8 112 
179 80 925 % in 0.326 Tez 5.40 9.0 84 
180 90 1010 3 0.318 12.6 5.41 9.6 87 


* Data for tests 1 through 80 are published in AIME Trans., 1954, p. 1003.1 
** Feed, Waukesha limestone. Fso = 12,700; Fioo = 1 in.; slope = 0.603. 


950—MINING ENGINEERING, OCTOBER 1955 TRANSACTIONS AIME 


ISgo} | 
S70! 
120 
Ss0 
[Ss 
\ 
100 \ 
2 
80 \ 
a 
\ 
S 
3 60 | 
a 
IN SAI 
SS 
IN | 
TYPICAL 
| 
0 
1000 2000 3000 4000 5000 


FEED RATE, POUNDS PER HOUR 


Fig. 1—Reduction ratio ys feed rate for each mill speed. 
(Averages for four pulp densities.) 
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Fig. 3—Adjusted work index ys feed rate for each mill 
speed. (Averages for four pulp densities.) 


Significant Relationships: Overflow Discharge Mill 

The technique used for the variance analyses, as 
described in detail previously,’ is the same as that 
used for analyzing the data obtained from this ex- 
periment. Since Brownlee’ has described the de- 
velopment and application of the technique, only 
the results will be included here. 

Reduction Ratio: Feed rate, mill speed, and an 
interaction of feed rate and pulp density were found 
to have a significant effect upon reduction ratio, all 
at the 0.1 pct or the highest level of significance. 
Because pulp density was not shown to be signif- 
icant as a main effect, it was averaged out of all 
of the data. Resulting averages of the reduction 
ratios were plotted against feed rate for each level 
of mill speed on Fig. 1 and against mill speed for 
each level of feed rate on Fig. 2. Fig. 1 shows that 
the reduction ratio decreased rapidly as the feed 
rate increased. Fig. 2 shows that maximum reduc- 
tion was obtained at 80 pct of critical speed for 
each feed rate. 

To determine the reason for the feed rate—pulp 
density interaction, the data were examined with- 
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Fig. 2—Reduction ratio ys mill speed for each feed rate. 
(Averages for four pulp densities.) 
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Fig. 4—Adjusted work index vs mill speed for each feed 
rate. (Averages for four pulp densities.) 


out the pulp density being averaged out. Pulp 
density appeared to have little effect on reduction 
ratio at feed rates of 3000, 4000, and 5000 lb per hr. 
At 1000 and 2000 lb per hr, however, lower reduc- 
tion ratios were obtained at 80 pct solids than were 
obtained at the lower pulp densities. 

A horizontal line corresponding to a typical com- 
mercial reduction ratio of 7.3 is drawn on Fig. 1. 
The intersections of this line with the curves show 
that an increase in capacity of 10 to 12 pct was 
obtained as the mill speed was increased from 50 
to 60 and again from 60 to 70 pct of critical. 

Adjusted Work Index: Although no test was 
available for the significance of feed rate it ap- 
peared to have a substantial effect on work index. 
Mill speed was significant at the 5 pct or lowest 
level, and interactions of feed rate with mill speed 
and pulp density were significant at the 0.1 pct 
level. Work index was plotted against feed rate on 
Fig. 3 and against mill speed on Fig. 4. Pulp density 
was averaged out of these data also. 

Fig. 3 shows that minimum work index occurred 
at feed rates from 3000 to 5000 lb per hr depending 
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on mill speed. Fig. 4 shows that at feed rates of 
1000, 2000, and 3000 lb per hr, minimum work index 
occurred at 50 pct of critical speed and increased 
almost linearly as the speed increased, but at 4000 
and 5000 lb per hr the speed at which the minimum 
work index occurred was at 80 pct of critical. Ap- 
parently as feed rate is increased, mill speed must 
also be stepped up for most efficient operation. 

Separate variance analyses, at each feed rate, of 
the data including the pulp density variable re- 
vealed that pulp density was not significant at 3000 
or 5000 lb per hr but was significant at all other 
feed rates. This explained the feed rate—pulp den- 
sity interaction. An examination of the data indi- 
cated that at the feed rates where pulp density was 
significant, higher grinding efficiencies were ob- 
tained at 50 to 70 pct solids than at 80 pct solids. 

The lowest work index for all operating condi- 
tions investigated was the value obtained at 5000 
lb per hr and 80 pct of critical speed. With these 
conditions the reduction ratio was 10.2. Apparently 
the overflow mill operates most efficiently at a high 
feed rate and a high mill speed. 


Table II. Variation of Work Index for Waukesha Limestone 
with Product Size 


Mesh Rod Mill Grindability, Work 
Size Grams per Revolution Index 
3 32.4 15.4 
4 21.8 16.7 
6 18.3 15.6 
8 19.6 12.6 
10 15.3 12.4 
14 13.2 11.4 
20 11.8 10.3 
28 10.0 9.55 
35 9.10 8.55 
48 8.10 
65 6.95 Tle, 
100 6.01 6.60 
150 4.95 6.25 
200 4.02 5.97 


952—MINING ENGINEERING, OCTOBER 1955 


T 
ran 2000 4000 
\7 / 
/60 /60 160 
se) 
/20 a /20 /20 
= F E.P.D. 
wh 
40 4 40 
1000 0.D. E.P.D. 
LBS./HR. 
° 
50 60 7 80 90 50 60 $0 60 70 80 90 


80 30 
SPEED,% OF CRITICAL SPEED,% OF CRITICAL SPEED,%OF CRITICAL 


5000 
LBS. /HR. 
/80 
40 
. 
wae Fig. 6—Comparison of end 
z peripheral and overflow dis- 
Fa charge mills. Reduction ratio 
S a0 vs mill speed at four feed 
Q 
rates. 
oo. 


SPEED,%OF CRITICAL 


For a typical commercial reduction ratio of 7.3— 
the ratio at which a 10 to 12 pct capacity increase 
was noted for 10 pct increases in the percentage of 
critical speed—the following work indexes were 
selected from the curves on Fig. 3: at 50 pct of 
critical speed and 3800 lb per hr a work index of 
114 pct, at 60 pct of critical and 4300 lb per hr a 
work index of 113 pct, and at 70 pct of critical and 
4800 lb per hr a work index of 107 pct. Apparently 
increased capacity with increased speed was ob- 
tained at a greater efficiency. 


Comparison of Overflow and End Peripheral 
Discharge Mills 

In general, pulp density had little effect on the 
performance of either type of mill; however, with 
the end peripheral mill there was an indication that 
as feed rate was increased, it should be operated 
with a more dilute pulp, 70 pct solids at 1000 lb per 
hr to 50 pct solids at 5000 1b per hr to obtain 
the greatest reduction and lowest work index. With 
the overflow mill this trend was not observed. The 
only effect noted was that at a few feed rates greater 
reduction ratios and lower work indexes were ob- 
tained at 50, 60, and 70 pct solids than were obtained 
at 80 pct solids. 

Reduction Ratio: The variance analysis revealed 
that reduction ratio was significantly affected by 
feed rate (5 pct level) and mill speed (0.1 pct level) 
when both mills were considered. Type of discharge, 
however, was not significant as a main effect, but 
only as an interaction with feed rate (0.1 pet level). 

For visual comparisons of data for the two mills, 
reduction ratio was plotted against feed rate at each 
speed for both mills on Fig. 5 and against speed at 
each feed rate for both mills on Fig. 6. These figures 
show that reduction ratio dropped off rapidly for 
both mills as feed rate increased. In general it was 
a maximum at 80 pct of critical speed. The inter- 
action between feed rate and mill speed which was 
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noted for the end peripheral mill in the previous 
paper does not appear of significance when the com- 
bined data are considered. 

The significant feed rate—mill discharge inter- 
action noted in the variance analysis can be seen 
on Fig. 6. There is a difference between the reduc- 
tion ratios obtained with the two mills at 1000 and 
2000 lb per hr. At feed rates of 4000 and 5000 lb 
per hr, there is practically no difference in reduc- 
tion ratio except at 90 pct of critical speed. The 
chief difference between the two mill discharges in 
regard to reduction ratio is that greater ratios were 
obtained at feed rates of 1000 and 2000 lb per hr 
with the end peripheral discharge mill. 

At a constant reduction ratio of 7.3, a 10 to 15 pct 
increase in capacity was noted for both mills as 
mill speed was increased from 50 to 60 and from 
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60 to 70 pct of critical. This increase in capacity 
was obtained in both cases at slightly greater effi- 
ciencies. 

Work Index: Results of the variance analysis of 
work index were not clearly defined because all 
first and second order interactions were found to be 
significant. Interaction of speed, feed rate, and mill 
discharge and interaction of mill discharge and 
speed were found to be significant at the 5 pct level. 
Interaction of feed rate and speed and interaction 
of feed rate and mill discharge were significant at 
the 0.1 pet level. Mill discharge was not significant 
as a main effect and feed rate and mill speed could 
not be tested for significance. 

Separate variance analyses of the data for each 
feed rate revealed that mill speed and mill discharge 
significantly affected work index at all feed rates. 
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Fig. 9—Comparison of end peripheral and overflow discharge mills. Adjusted work index ys reduction ratio at most efficient 
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The only difference was the level of significance. 
At 1000, 2000, and 5000 lb per hr, mill speed and 
discharge were both significant at the 0.1 pct level. 
At 4000 lb per hr, speed was significant at the 1 pct 
level and discharge at the 5 pct level. 

To aid in interpreting the variance analyses, work 
index was plotted against feed rate at each speed 
for both mills on Fig. 7 and against speed at each 
feed rate for both mills on Fig. 8. The significance 
of the feed rate—mill discharge interaction can be 
explained from Fig. 7, which shows that in general 
the end peripheral discharge mill was more efficient 
than the overflow mill at low feed rates and less 
efficient at high feed rates. The curves cross at 
about 2700 lb per hr at S, 3700 at Sy, 4200 at Sx, 
3800 at Sx, and 2800 at S». This variation with mill 
speed causes the significance of the speed—feed rate— 
mill discharge and mill discharge—speed interactions. 

Fig. 8 shows that inclination of the curves relat- 
ing work index and mill speed gradually changed 
as feed rate increased, from a positive slope at 1000 
lb per hr to a negative slope at 5000 lb per hr 
(except for the extreme condition of 90 pct of criti- 
cal). As the feed rate to each type of mill increased, 
the speed at which the mill should be operated to 
obtain minimum work index increased. This ex- 
plains the significance of the feed rate—mill speed 
interaction. 

Fig. 8 also shows that the end peripheral dis- 
charge mill was more efficient than the overflow 
mill at 1000 and 2000 lb per hr at all speeds. At 
4000 lb per hr practically identical operation was 
obtained for both discharges except at the extreme 
conditions of mill speed, 50 and 90 pct of critical, 
at which speeds the end peripheral discharge mill 


was less efficient. At 5000 lb per hr the overflow 
discharge mill was more efficient at all feed rates. 
The extreme conditions of speed, however, gave 
unusually inefficient results for the end peripheral 
discharge mill at this feed rate. The large differ- 
ences between the two types of discharge at 50 and 
90 pct of critical for feed rates of 4000 and 5000 lb 
per hr undoubtedly contribute to the significance of 
the mill discharge-speed and speed—feed rate—mill 
discharge interactions. 


Conclusions 

A comparison of the two mills is summarized on 
Fig. 9 where work index has been plotted against 
reduction ratio. The points shown are those for the 
most efficient operating speeds at each feed rate. 
Log-log paper has been used to space the data con- 
veniently. This figure shows that for a reduction 
ratio of about 16, efficiency of the two mills was 
almost equal. At lower reduction ratios the over- 
flow mill was more efficient and at higher reduction 
ratios the end peripheral discharge was more effi- 
cient. 

The overflow mill operated most efficiently at a 
reduction ratio of about 10, at a feed rate of 5000 
lb per hr, whereas the end peripheral discharge mill 
operated most efficiently at a reduction ratio of 25 
to 30 and at a feed rate of about 3000 lb per hr 
(interpolated). At these reduction ratios and re- 
spective feed rates, practically the same work index 
is shown. 
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Analysis of Roof Bolting Systems 


Based on Model Studies 


Bolting systems can be designed with formulas presented here, which specify bolt 
spacing, tension, and length that will provide the desired safety factor increase for 


given thickness and span of roof beds. 


by Louis A. Panek 


OST roof bolts are used in mines with bedded 
roofs, but it has not been determined to what 
degree thin-bedded roofs can be reinforced by bolt- 
ing if there is no thick member in which to anchor 
the bolts, or what function the bolts must perform in 
such a case. Owing to widespread practice of sys- 
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tematic bolting to support thin-bedded roofs, more- 
over, it is desirable to design roof-bolting systems 
on a quantitative basis. Specifically, a solution to 
the following problem is required: For a roof com- 
posed of beds of given thickness and physical prop- 
erties, what is the optimum length, spacing, orienta- 
tion, and tightness of bolts consistent with safety 
and economy? The investigation reviewed here has 
produced a functional equation to evaluate these 
variables and establish basic principles of roof 
bolting. 
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Fig. 1—Model of bedded 
roof reinforced by four 
vertical bolts. (Cracks 
have been penciled for 
greater visibility.) 


Centrifugal testing of roof models was chosen as 
the experimental method, since it is particularly 
suited to the study of stratified mine roof. The 
model shown in Fig. 1 is typical of those tested. The 
material was Indiana limestone, although the results 
are independent of the rock type used. In all models 
the span was 12 in. and the total strata thickness 6 
in. The ends were clamped; hence the laminae over 
the open span acted as roof beds over a mine open- 
ing, supported by a pillar at each side. The model 
was rotated in a centrifuge to induce centrifugal 
forces proportional to the gravitational forces in the 
full-sized structure. As strains in the rotating model 
were measured by means of resistance gages ce- 
mented to it at various points, each test provided 
load vs strain data for one combination of variables. 
Models were tested to failure only after the required 
nondestructive tests, usually two dozen or more, 
were completed. In the model shown in Fig. 1, as 
well as in all other models employed in this investi- 
gation, the bolts were not anchored in the overlying 
thick member, which may be thought of as the main 
roof; hence these models correspond to a prototype 
roof composed of thin beds bolted together to form 
a more competent unit. 

In preliminary tests of laminated roof models simi- 
lar to that shown in Fig. 1, it was found that bending 
of the bolted unit was decreased by the use of ten- 
sioned roof bolts. (The arrows indicate the positions 
of the bolts.) For comparison a single-member unit, 
Fig. 2, was tested with and without bolts; the bolt 
length equaled the beam thickness. It was found 
that tensioned roof bolts did not decrease bending of 
the single-member unit. This can be explained by 
elementary beam theory, which is accurate enough 
for the purpose. Vertical lines, drawn on the side of 
a beam before deflection, remain perpendicular to 


Fig. 2—Model of a bolted single-member roof. 
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the neutral axis and therefore rotate as the beam 
bends, Fig. 3; no rotation occurs at midspan or at the 
supports. For a series of beams lying one upon the 
other, the rotations show that slip must occur along 
the surfaces of contact. Because bolting decreases the 
bending of laminated roof, the bolts evidently re- 
duce bedding-plane slip. As indicated by laminated 
beam tests in which bolts were the same diameter as 
the holes, this reduction results from increase in 
bedding-plane friction caused by the clamping ac- 
tion of the tensioned bolts rather than from any 
effect produced by shearing strength of the bolts 
(considering the action of adjoining bends on a bolt 
to be that of a giant shears). These tests showed 
that if the bolts were not tensioned the bending did 
not decrease and that the greater the bolt tension the 
greater the decrease in bending. To be effective, 
therefore, roof bolts must be tensioned when they 
are installed and must remain under tension 
thereafter. 

If bedding-plane slip could be prevented, a series 
of beds would bend exactly like a single bed of 
equivalent thickness. Tests showed, however, that 
although bedding-plane slip was decreased by bolt- 
ing it was not prevented, because the bolted unit 
bent more than a solid bed of equal thickness. Also, 
there was no single neutral axis for the bolted unit 
as a whole; rather, each bed exhibited its own neu- 
tral axis, the bending strains on the upper surface 
being opposite in sign to those on the lower surface. 
Therefore, bolting does not build up a beam equiva- 
lent in thickness to that of the series of bolted beds. 

In bolted models tested to failure, cracks occurred 
at the supports and near midspan, Fig. 1, which 
indicates that stress concentration in the vicinity of 
a bolt had little if any effect on bending strength, 
although there was some tendency for a crack to 
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Fig. 3—Flexure of gravity-loaded beams. 
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Fig. 4—Model of bedded roof reinforced by eight vertical bolts. 


propagate upward along a bolt if the bolt was near 
midspan or near the rib, the regions of high bending 
strain. Another example of a crack following a bolt 
is shown in Fig. 4. 

Although the foregoing results aid in interpreting 
the behavior of bolted roof, it is not possible with 
this information alone to design an efficient bolting 
system or to judge the effectiveness of an existing 
system. Thus it was necessary to consider first what 
kind of relationship could exist between the varia- 
bles of the problem. It can be shown from dimen- 
sional analysis that it is possible to formulate de- 
crease in roof bending strain due to bolting as an 
unknown function f of independent ratios formed 
from the variables:* 


= fl (WL/E), (L/t), (L/b), (N), 
(P/EL’*), (h/t-1)] [1] 


in which Ae;;>. is the decrease in bending strain of 
the lowest roof member, due to bolting, measured at 
a distance of 1/16 span from the rib.* The six 


* Accurate measurements could not be obtained at the rib. 


quantities in parentheses are the independent ratios, 
the first two specifying the roof characteristics and 
the other four the bolting system. The letters w, 
E, L, and t are, respectively, the unit weight, 
Young’s modulus, span, and bed thickness of the 
roof rocks; N is the number of bolts per set across 
the opening; b is the spacing between sets along the 
opening; P the bolt tension; and h the bolt length 
(all units in pounds and inches). 

The phase of the investigation reported herein 
was restricted to consideration of steel bolts in- 
stalled vertically. The N bolts in each set were 
placed in a straight line across the opening. The 
model, of width b, approximated a vertical slice 
through the roof, including one set of bolts and ex- 
tending half the distance to the adjacent set in each 
direction. Because each model roof bolt was held 
by a nut at each end, no anchor slip or loss of tension 
could occur—the problem of obtaining anchorage in 
a particular type of rock was not part of this in- 
vestigation. 


To find the exact form of Eq. 1, a factorial experi- 
ment? was performed in which 92 tests were made 
on four models to determine Ae,,. for at least three 
values of each of the six independent ratios, includ- 
ing most of the possible combinations. Each test 
consisted of measuring bending strains at six to 
eight different loads; more than 600 strain measure- 
ments were made. Values of Aeé;,;. were determined 
by subtracting the strains for bolted roof from the 
corresponding strains for unbolted roof, measured 
on the same model. By applying multilinear regres- 
sion analysis’? to the test data, the equation for the 
decrease in bending strain was found to be 


= 0.0858 (wL/E)** (L/t) (L/b)™” 
(N)** (P/EL*)** (h/t-1)™*. [2] 


The standard error of Ae;j;, was 12.4 x 10° in. per in.; 
this is a measure of the deviation of the test data 
from the values given by Eq. 2 and amounts to 18.8 
pet of the average determined Ae; ,;.. 

To avoid extrapolation beyond the range covered 
by the tests, the limits of applicability of Eq. 2 are 
summarized in Table I. Because the same material 
and span were used throughout, w (0.08 lb per cu 
in.), E (4 x 10° psi), and L were essentially constant; 
however, owing to the model-prototype relations,’ 
the fact that each test consisted of determining Aézj1. 
for a range of loads was equivalent to varying w, E, 
and L. Within a single model, all beds were of equal 
thickness. For a roof composed of beds of different 
thicknesses it may be possible to use the average 
thickness in Eq. 2; this matter will be considered in 
the next phase of the investigation. Although the 
spacing of bolts across the opening is not specified in 
Eq. 2, an approximately equidistant spacing of the N 
bolts within the set was used in the tests; other tests 
showed this to be most satisfacory from an overall 
point of view. Obviously, no attempt should be 
made to apply Eq. 2 if t is greater than h, as h/t 
equals the number of bolted beds. 

To find the relation between Eq. 2 and the safety 
factor, consider the following definitions of the 
safety factor, SF, for a given roof: 


Breaking strain for roof rock ) 


Si = 
€ max eo 

or = Breaking strain for roof rock Ld 
Cmax = Co 


in which the unprimed and primed symbols indicate, 
respectively, the unbolted and bolted conditions, and 
e, is the bending strain at the rib. By definition, let 
the ratio of these two safety factors be called the 
reinforcement factor, 

SF" 


RF = 
SF e,’ [4] 


Because the 1/16 span point is so near the rib, the 


Table |. Limits Beyond Which Test Results Should Not Be Applied 


Example for 


Item General Formula 16-Ft Span 


Maximum span, L 1066 in. (89 ft) * 

Minimum spacing of sets, b L/12 16 in. 
Maximum bolts per set, N 12 12 
Maximum bolt tension, P 17 x 10-8EL? 25,000 Ib** 
Maximum bolt length, h 3L/8 72 in. 
Minimum bed thickness, t L/64 3 in. 


* Assuming w = 0.09 lb per cu in., E = 4x10° psi. 
** Assuming E = 4x 106 psi. 


Table Il. Bolt and Steel Requirements for Three Arrangements 
Each Producing a Reinforcement Factor of 3* 


Per 100 Ft 
Length, Bolts Spacing Aiong Opening 
In. Per Set of Sets, In. Bolts, No. Steel, Ft 
29 166 664 
29 124 651 
18 132 598 


* Roof span = 16 ft, bed thickness = 3 in., unit weight of = 
0.09 lb per cu in., bolt tension = 10,000 Ib. Based on Eas. 9 ELE 
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Fig. 5—Roof bolting design chart. 
ratio of the bending strain in the unbolted condition 


to that in the bolted condition is approximately the 
same at both points, or 


Cx 16 
Substituting Eq. 5 into Eq. 4 and noting that 
1 
RF = = 
Cre 
A€z 16 
or, defining D = Emcee [8] 
1 
RF = . [9] 
1—D 


It may be observed that 100D is the percentage de- 
crease in bending strain at 1/16 span, due to bolt- 
ing. For simplicity, the denominator of D was taken 
to be the theoretical strain given by elementary 
beam theory,*® which can be shown to be 


Crs = (bending stress at L/16)/E 


= 0.324wL*/Et. [10] 


Finally, substituting in Eq. 8 from Eqs. 2 and 10, 
D = 0.265(bL)*” [NP (h/t-1)/w]™. 


It is now possible to compare the relative merits 
of two proposed bolting systems; the percentage 
decrease in bending can be determined from Eq. 11 
and the reinforcement factor from Eq. 9, first for 
one plan and then for the other. The ratio of the 
two reinforcement factors indicates how much more 
support is provided by one systern than by the other. 
Similarly, an entire bolting system can be designed 
from Eqs. 9 and 11, the bolt spacing, tension, and 
length being adjusted to provide the desired re- 
inforcement factor. 

As one would expect, Eq. 11 shows that bending 
is decreased by increasing bolt tension, number of 
bolts per set, and bolt length, and by decreasing the 
spacing of the sets. It is interesting to observe that 
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effectiveness of bolting decreases as the span and 
thickness of the roof beds increase, which means 
that the greatest benefits from bolting are obtain- 
able for thin-bedded roof on short spans and im- 
plies also that bolts are not an efficient substitute 
for pillars. 

The number of bolts installed per unit length of 
opening may be decreased either by lengthening the 
bolts or by reducing the spacing of the sets. Three 
examples listed in Table II show that an increase 
in h permits approximately a proportionate reduc- 
tion in N, hence a proportionate reduction in bolts 
required per 100 ft of opening, and requires about 
the same amount of steel (line 1 of Table II vs line 
2). On the other hand, a given decrease in b permits 
more than a proportionate decrease in N, which 
reduces both the number of bolts and the amount of 
steel required per 100 ft of opening (line 1 vs line 
3) and therefore reduces both the cost of labor and 
the cost of materials. Judging by the pattern widely 
used in coal mines, in which bolts are spaced 4 ft 
apart in both directions, there appears to be an 
opportunity to reduce the cost of roof bolting, with- 
out lowering the safety factor, by decreasing the 
number of bolts per set (increasing the spacing of 
bolts across the span) and decreasing the spacing 
between sets along the length of the opening. The 
minimum number of bolts per set is best established 
by experience at any given mine, because it depends 
on the prevalence of fractures, kettlebottoms, and 
other local roof imperfections that could cause falls 
between bolts. A logical procedure would be to de- 
crease the number of bolts per set by steps, each 
time decreasing spacing b as required by Eq. 11 to 
maintain a constant reinforcement factor. 

Solutions to the design formulas, Eqs. 9 and 11, 
for the most common ranges of the variables, and 
for w = 0.09 lb per cu in., may be found by use of 
a chart, Fig. 5. For example, the broken line a-b-c- 
d-e-f-g shows the bolting system specified by line 3, 
Table II. The line d’-e’ shows that 3-bolt sets spaced 
at 2-ft intervals likewise produce a reinforcement 
factor of 3, all other quantities remaining constant. 
The chart may be traversed in either direction as 
long as the variables are taken in the sequence 
shown; a line drawn between any pair of variables 
must of course parallel the corresponding broken 
line shown on the chart. A few trials will show that 
for conditions found in most coal mines it is not 
difficult to obtain a reinforcement factor of 2 to 3; 
it is difficult to obtain a much greater value. 

As shown by Eq. 4, the safety factor for a bolted 
roof can be calculated only if that for the unbolted 
roof is known or can be calculated from the strengths 
and thicknesses of the roof beds. This is to be ex- 
pected because, for both bolted and unbolted roof, 
the safety factor depends on the structural prop- 
erties of the particular roof beds involved. The 
present investigation makes it possible to calculate 
the amount of support provided by various bolting 
systems; it does not indicate the amount of support 
needed. Nevertheless, if at a given mine it is de- 
cided that the bolting system in use does not pro- 
vide enough support, Eqs. 9 and 11 or Fig. 5 can be 
used to determine the present reinforcement factor 
and the most effective means of increasing it. 
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Streaming Potential Studies 


Quartz Flotation with Cationic Collectors 


By streaming potential techniques, the zeta potential of quartz has been measured as a 
function of the concentration of dodecylammonium salts at different pH values. These ex- 
periments indicate that adsorption of dodecylammonium ions takes place as individual 
aminium ions until a certain critical concentration is reached in the double layer, at which 
point the adsorbed collector ions begin to associate into patches of ions, called hemi- 
micelles. Because of its effect on the surface potential of quartz, pH controls the adsorp- 
tion of dodecylammonium ions. The value of cooperating agents and nonionized constitu- 


ents of flotation systems is discussed. 


by A. M. Gaudin and D. W. Fuerstenau 


PREVIOUS investigation’ of the role of pH in 

the flotation of quartz with anionic collectors is 
here extended to an inquiry of how the cationic 
collector, dodecylammonium acetate, is adsorbed at 
the quartz-solution interface. The equilibrium 
amount of this collector adsorbed by quartz has al- 
ready been measured as a function of concentration 
and pH.” *® The weight of prior evidence has sug- 
gested that two mechanisms are involved in the 
adsorption of this collector by quartz, but with 
existing adsorption measurements alone it is not 
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Zeta Potential in Millivolts 


1 

Total Amount of Dodecylammonium Acetate Added to the System 
in Mols per Liter 


Fig. 1—Zeta potential of quartz in solutions of dodecylam- 
monium acetate at four different pH values. 
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possible to determine what the mechanisms are. 
Gaudin and Bloecher’ postulated that a polymolec- 
ular adsorption coating begins to form before the 
first monolayer has been completed. Gaudin and 
Morrow* indicated that a similar situation might ex- 
ist in the film of dodecylammonium ions on hema- 
tite. A study of electrokinetic potentials at the 
quartz-solution interface provides some detail to- 
ward a fuller understanding of the adsorption 
mechanism. 


Experimental Results 


The zeta potential at the quartz-solution inter- 
face was calculated from streaming potential data 
measured with the apparatus described in detail in 
a thesis by Fuerstenau’ and briefly in a paper by 
Gaudin and Fuerstenau.* The quartz used in these 
experiments was a 48/65-mesh fraction prepared 
in the manner described previously.* 

Zeta potential of quartz was obtained for various 
amounts of the amine salt at pH 4, 7, 10, 11. In 
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Fig. 2—Zeta potential of quartz in solutions of dodeclyam- 
monium chloride and sodium chloride. 
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Fig. 1 the experimental values of ¢ are plotted as a 
function of the total amount of dodecylammonium 
acetate in the system. 

Each of the four graphs consists of three parts: 
1) in the low concentration range, a portion where 
¢ changes very little with concentration, 2) a part 
where the slope of the ¢ — log — C curve changes 
sharply and the sign of ¢ passes from negative to 
positive, and 3) at relatively high collector concen- 
trations, a part in which the slope of the curve is 
greatly reduced. The concentration at which ¢ de- 
creases abruptly in absolute magnitude is shifted to 
lower concentrations of collector as the pH is in- 
creased. In solutions at pH 4 in which the value of 
¢ at infinite dilution of collector is only —12 mv, the 
change in ¢ is much less pronounced than at higher 
pH values. 

Measurements were made to compare the action 
of the cationic collector (as the chloride salt) with 
sodium chloride at neutral pH. The experimental 
data are plotted in Fig. 2. These data show that in 
dilute solutions dodecylammonium ions behave like 
sodium ions, but that at higher concentrations the 
adsorption mechanisms must differ. There is a 
slight difference between dodecylammonium acetate 
and dodecylammonium chloride. This may be at- 
tributable to the greater hydrolysis of the acetate. 
For a discussion about the rise in the zeta potential 
in dilute solutions as calculated from streaming 
potential data, the reader is referred to the authors’ 
previous paper.* 

Fig. 1 shows that in alkaline solutions dodecylam- 
monium ions abruptly reduce the value of ¢ at con- 
centrations well below that which increase the ionic 
strength of the solutions. To test whether the reduc- 
tion of ¢ in dodecylammonium acetate solutions 
results from compression of the double layer or 
from some other phenomenon, experiments were 
carried out to measure streaming potentials of 
quartz in solutions containing a fixed amount of 
dodecylammonium acetate with varying amounts 
of sodium chloride to compress the double layer. In 
one series of experiments the collector concentration 
was maintained at 10* M (¢ is —78 mv) and in the 
other series the concentration was maintained at 
5 x 10* M (¢ is +36 mv). Thus the effect of ionic 
strength on the zeta potential of quartz in solutions 
of surface-active electrolytes was tested in one case 
with the zeta potential negative and in the other, 
with the positive. 
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Amount of Sodium Chloride Added in Mols per Liter 


Fig. 3—Effect of sodium chloride on the zeta potential of 
quartz in solutions of dodecylammonium acetate. 
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The experimental data are plotted in Fig. 3. 
Earlier work showed that the addition of an in- 
different electrolyte, such as NaCl, to a solution does 
not change the zeta potential of quartz until the 
total ionic strength of the solution is changed.’ The 
effect of compression of the double layer then is to 
reduce the absolute value of ¢. Fig. 3 shows that the 
addition of NaCl to solutions containing a fixed 
amount of collector causes merely a change in ab- 
solute value of ¢, and then only if the ionic concen- 
tration is sufficiently changed. The abrupt change 
of ¢ with increasing dodecylammonium acetate con- 
centration therefore does not result from compres- 
sion of the double layer but must result from some 
other phenomenon. It may therefore be concluded 
that although in dilute solution dodecylammonium 
ions may be held to the surface by electrostatic at- 
traction for the negative surface charge (as are 
sodium ions), at higher concentrations there must 
intervene a new mechanism specific to the hydro- 
carbon-bearing ion. To understand how dodecylam- 
monium ions function at the quartz surface, it is 
useful to consider first how these ions behave in 
solution. 

Attributes of Aqueous Solutions of Dodecylam- 
monium Acetate: The chemical formula for dode- 
cylamine is CH,;(CH.),,NH., or RNH.. In water the 
amine ionizes in the following manner, Eq. 1:° 


RNH, + H.O = RNH,’ + OH’; 
K = 4.3 x 10+ [1] 


Solubility of the undissociated amine has been found 
to be 2 x 10° mols per liter.* 

Since dodecylamine salts are salts of a weak base 
they are hydrolyzed in solution, a substantial pro- 
portion of the hydrocarbon-bearing groups being 
in the form of the free amine. This is especially 
true in alkaline solution, but the effect is negligible 
in neutral or acid solutions. In view of the electrical 
nature of the measurements made and interpreta- 
tions sought it is desirable to consider the data of 
Fig. 1 when expressed in terms of concentration of 
dodecylammonium ions. The redrawn data are 
shown in Fig. 4, together with measurements for 
sodium chloride added for comparative purposes. 

Water is known to have tremendous affinity for 
itself and no particular attraction for hydrocarbons; 
consequently, hydrocarbon chains seek to escape 
from water by associating with each other. This is 
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Fig. 4—Zeta potential of quartz in solutions of dodecylam- 
monium acetate and sodium chloride at several different pH 
values. 
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true also for the hydrocarbon part of an amine in 
water, but this is counteracted by the water avidity 
of the ammonium group, —NH;*, which occurs at 
what may be called the head of the aminium ion. 


In dilute solutions dodecylammonium acetate be- 
haves as an ordinary strong electrolyte, but at a 
certain concentration there is a marked change in 
physical properties of the solutions, e.g., in equiva- 
lent conductance, transport number, freezing-point 
lowering, and viscosity. To account for these phe- 
nomena, McBain introduced the concept of micelles, 
which are aggregates of paraffin-chained ions.’ 
Micelles form only at high concentrations, e.g., in 
the case of dodecylammonium acetate above 0.013 
M.° It is believed that the ionic heads of the con- 
stituent ions of the micelle are in contact with 
water, whereas the nonpolar groups turn away from 
it and are in contact with each other. 

1) Micelle Size: To aggregate ions into a micelle, 
work must be done to bring the charged heads 
close to each other, but potential energy is gained, 
since the hydrocarbon chains in the micelles can 
be regarded as having left the aqueous medium. 
Hence, the total number of ions in the micelle struc- 
ture must be determined by the equilibrium be- 
tween the repulsive long-range coulombic forces 
and the short-range attractive London-van der 
Waals forces between hydrocarbon chains. Accord- 
ing to calculations by Debye® the maximum number 
of ions in a dodecylammonium micelle is 40, and 
according to his experiments, using light scattering, 
the number is 66. In ionic solutions of higher ionic 
strength, the micelles are somewhat larger because 
of the reduction in charge brought about by the 
presence of counterions in the double layer about 
the micelle. Since the decrease in free energy by the 
transfer of hydrocarbon chain from water to the 
micelle is 1300 calories per mol per CH, group, and 
since the repulsive energy is about the same, 
micelles of homologous compounds must grow larger 
with increasing chain length. Debye and Anacker 
estimate that the micelle of the 10-carbon n-alkyl- 
trimethyl-ammonium bromide contains approxi- 
mately 36 ions per micelle and that of the 14-carbon 
n-alkyl salt 75.° 

2) Micelle Shape: There has been much discus- 
sion regarding the shape of micelles. McBain has 
proposed that micelles are either spherical or lamel- 
lar.” Hartley believes they are spherical only.* On 
the other hand, German workers, using X-rays, 
seem to have proved the existence of the lamellar 
type.” Harkins’ more recent work (with soap) 
offers a cylindrical model because oil solubilization 
data do not agree with the lamellar model.” Finally, 
Debye and Anacker showed in 1951 that micelles of 
n-hexadecyltrimethyl-ammonium bromide in 0.178 
M and 0.233 M KBr are rod-like (elongated cylin- 
ders) and not spherical nor disk-like.” 


The Hemi-Micelle Hypothesis 


In dilute solutions dodecylammonium ions are 
adsorbed as individual ions,” * but once the adsorbed 
dodecylammonium ions reach a concentration at the 
solid-liquid interface which is similar to the bulk 
critical micelle concentration, is it not reasonable 
to suppose that the adsorbed ions associate into 
patches at the solid-liquid interface in much the 
same way they associate to micelles in the bulk 
solution? The forces causing ionic association at the 
surface will be the same as those operating in the 


960—MINING ENGINEERING, OCTOBER 1955 


bulk. Because of the high surface charge, the 
dodecylammonium ions must necessarily be ori- 
ented with the charged heads towards the surface 
and with the tails sticking out into the liquid. The 
associative van der Waals forces in the hydrocarbon 
chains will be supplemented and reinforced by the 
coulombic forces of attraction between collector 
cations and negative sites on the mineral surface. 
If the adsorbed ions associate tightly with the heads 
oriented towards the surface and with the tails 
sticking out into the liquid, a minimum surface area 
of the hydrocarbon chain will be in contact with 
water. Because of the proposed appearance of such 
absorbed collector ions, the authors propose to call 
these patches of associated ions hemi-micelles. 


Streaming potential experiments vindicate the 
hemi-micelle hypothesis. It has been shown that 
monovalent sodium ions cannot change the sign of 
¢ but merely reduce its value to the vanishing point 
at very high concentrations, whereas multivalent 
inorganic ions are able to change the sign of ¢ at 
moderate concentrations.’ Fig. 4 shows identity in 
behavior of RNH,* and Na* at very low concentra- 
tions of these ions. At these low concentrations 
dodecylammonium ions must function as simple 
monovalent counter ions. Fig. 4 shows also that ata 
moderate concentration for RNH, there is a sharp 
break in the ¢ — log — C curve. This change accords 
with other zeta potential data* only if a highly 
charged cation adsorbs at the surface when the 
critical concentration is exceeded. This highly 


charged cation (perhaps containing also some as- - 


sociated uncharged molecules, as discussed below) 
is what the authors call the hemi-micelle. 


The é—log—C curves for amines are further char- 
acterized by a second sharp change in slope. This 
occurs at higher concentrations. However, the sec- 
ond break in the curve at neutral pH corresponds 
roughly to the concentration at which deBruyn 
found monolayer coverage.* If the second layer of a 
multilayer adsorbate is held by van der Waals’ at- 
traction between hydrocarbon chains, collector ions 
in the second layer must be in opposite orientation. 
Adsorption of a second layer of collector ions in 
reverse orientation was postulated several years ago 
by Arbiter, Kellogg, and Taggart,“ by Taggart and 
Arbiter,” and by Rogers, Sutherland, Wark, and 
Wark.” Collector ions will be held strongly in the 
first layer because of their affinity for the negative 
sites at the surface, but once the first layer is filled, 
the adsorption is necessarily less because this spe- 
cific affinity for the surface no longer exists. Hence 
the zeta potential of quartz, which is measured by 
shear between the solid and liquid, would increase 
more slowly concentration after monolayer 
coverage has beem exceeded. 

There is some evidence of a quantitative nature 
for the hemi-micelle. Since the concentration of ions 
at any point in the double layer can be calculated 
according to Boltzmann’s distribution law,” it is 
possible to evaluate whether the ion concentration 
in the double layer exceeds that, which if present in 
bulk, gives rise to micelles. The concentration of 
ions at any point in the double layer is given by 
Boltzmann’s relation, Eq. 2: 


n= nN, exp ) [2] 


(a) = e¢, 
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Fig. 5 (left)—Structure of the double layer and the distribution of potential in the double layer under conditions below those 
under which hemi-micelles form. Fig. 6 (center)—Structure of the electrical double layer under conditions which give rise to 
hemi-micelles at the quartz-solution interface in dodecylammonium acetate solutions. Fig. 7 (right)—Multilayer adsorption at 


the quartz-solution interface. 


where n is the concentration of ions in the double 
layer at any given point, n, is the concentration of 
ions of the same species in the bulk solution, k is 
Boltzmann’s universal constant, T is the absolute 
temperature in degrees Kelvin, v is the valency of 
the ions, e is the charge of the electron, and W is the 
potential at the point under consideration in the 


double layer. The value of is about 1 if v 


e 
kT 

To ascertain the magnitude of W,; at the plane 
where the adsorbed dodecylammonium ions lie, 
consider the present concepts of the quartz-solution 
interface. It was shown that hydrogen and hydroxyl 
ions are potential-determining ions for quartz’ and 
by definition the magnitude of the surface potential 
w, is controlled by the pH of the bulk solution. The 
total double layer potential V, is given by™ 


ve ve Cy 


where C* and C’ are the concentrations of the poten- 
tial-determining ions in the solution, and C* and C, 


are the concentrations of these ions at the zero point 
of charge. Since the zero point of charge of quartz’ 
occurs at pH 3.7, C* = 2 x 10° ,and the total double 


layer potential, %, of quartz at pH 7 should be about 
—190 mv. 

For quartz in solutions containing 10* mols per 
liter of dodecylammonium acetate at pH 7 (A, Fig. 
4), the structure of the electrical double layer and 
the distribution of potential in the double layer is 
given schematically in Fig. 5. The surface potential 
or total double layer potential is represented by W% 
in Fig. 5. It is known that the slipping plane must 
occur outside the hydrocarbon chains of the most 
closely-held dodecylammonium ions, and since the 
zeta potential is the potential located at the slipping 
plane, it must be the potential at the plane s in 
Fig. 5. However, the work necessary to bring the 
charged head of a collector ion to the surface (the 
plane i in Fig. 4) is vev;. The value of VY, is about 
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—190 mv (Eq. 3) and experimentally the value of 
¢ = Vv, was found to be about —80 mv. According 
to Fig. 5, it is known that the value of V; must lie 
between the surface potential V, and the zeta poten- 
tial ¢. For calculations, VY; will be assigned a value 
halfway between WV, and ¢, or —135 mv. Using the 
Boltzmann equation for conditions at which the slope 
of the €<—log—C curve (Fig. 4) abruptly breaks at 
pH 7, the concentration of dodecylammonium ions 
next to the surface, n, is (Eq. 4): 


n= n,exp = 
kT 


This calculation shows that close to the surface 
the concentration of collector ions exceeds slightly 
the bulk critical micelle concentration, 0.013,° even 
though the bulk concentration of collector is only 
1 x 10° M. This is one line of evidence which in the 
authors’ opinion substantiates the hemi-micelle 
hypothesis. It should be pointed out that the sur- 
face concentration of dodecylammonium at which 
association between the hydrocarbon chains takes 
place probably differs from the bulk critical micelle 
concentration. 

Eq. 4 shows that the concentration of dodecylam- 
monium ions close to the surface depends on the 
bulk concentration of collector (n, term and the 
ionization constant) and the pH of the solution (Vv 
term and Eq. 3). Since the surface potential of 
quartz is determined by the concentration of hydro- 
gen or hydroxyl ions in solution, increasing the pH 
of the solution increases the negative value of WV, 
and therefore the ratio of n to n, (Eq. 2). This sug- 
gests that hemi-micelles can form at a lower bulk 
RNH,* concentration. Fig. 4 is in accord with this 
conclusion. 

The authors’ idea of the structure of the elec- 
trical double layer at the quartz-solution interface 
is presented schematically in Figs. 5, 6, and 7. In 
Fig. 5 the double layer at the quartz-solution inter- 
face is shown as it may appear if the solution con- 
centration is dilute enough so that association of the 
collector ions at the interface has not taken place. 
This would correspond to any concentration below 
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points A, A’, A” in Fig. 4. The ions adsorbed next to 
the surface, or in the Stern plane, would be non- 
associated dodecylammonium ions, and the counter 
ions in the diffuse layer would be mainly dodecylam- 
monium ions. 

In Fig. 6 the double layer at the quartz-solution 
interface is shown as it may appear under condi- 
tions represented by points B and B’ in Fig. 4. The 
counter ions adsorbed in the Stern plane would con- 
sist mainly of hemi-micellular ions and the counter 
ions in the diffuse layer would be acetate ions. 
Under these conditions the zeta potential can be- 
come positive because there are more cations in the 
Stern plane than negative charges at the quartz 
surface. 

Fig. 7 is an illustration of the possible appearance 
of the quartz-solution interface under conditions 
where multilayer adsorption takes place, which 
would be represented by points C and C’, Fig. 4. 


Evidence of Hemi-Micelle Formation in Other 


Flotation and Surface Phenomena 


If the long-chained dodecylammonium ions aggre- 
gate at the quartz-solution interface to form hemi- 
micelles, this should certainly affect other flotation 
phenomena. For example, ion aggregation should 
increase the contact angle because of the more 
closely-packed hydrocarbon chains. Thus, if the pH 
of a solution of dodecylammonium acetate contain- 
ing less than 1x10~* M is increased, at a certain pH, 
the contact angle should rise sharply. Morrow’s 
experimental data substantiate this.* 

Furthermore, after hemi-micelle formation, col- 
lector adsorption is enhanced by van der Waals’ 
attraction between hydrocarbon chains. Thus meas- 
urement of adsorption of collector at the quartz- 
solution interface as a function of concentration 
should show that at a certain concentration of col- 
lector in solution, the adsorption increases more 
rapidly than expected. Bloecher,* deBruyn,’ and 
Morrow* found this to be true. ; 

In this paper the association of collector ions at 
the solid-liquid interface has been discussed, but 
evidence of agglomeration of nonpolar hydrocarbon 
chains exists in other surface phenomena. For exam- 
ple, the formation of hemi-micelles at the solid- 
solution interface is analogous to the formation of 
patches of molecules in an oleic acid monolayer at 
the air-solution interface—the “intermediate liquid 
film’? of Harkins.” Further evidence of interaction 
between hydrocarbon chains of heteropolar ions and 
molecules has been demonstrated by Schulman and 
Leja.” They showed that association between col- 
lector ions and frother molecules takes place not 
only at the air-liquid interface but also at the solid- 
liquid interface. 

If hydrocarbon chains associate at the mineral- 
solution interface even though the collector ions are 
charged, it would be expected that uncharged 
hydrocarbon would interact by van der Waals’ at- 
traction with adsorbed collector chains even more 
since the repulsive forces would not be operating. 
In alkaline solutions where the concentration of 
dissolved free amine may equal or exceed the con- 
centration of dissolved aminium ion, the hemi- 
micelle may well include a substantial proportion 
of free amine, even though the attraction of the 
negatively charged surface for the aminium cation 
is not here operative to bring the free amine into 
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the region of high concentration of hydrocarbon 
groups. The mill practice of adding oil extender 
to the circuit may aid flotation by making the sur- 
face of the mineral more hydrophobic through this 
interaction of hydrocarbon chains, as was proposed 
by Taggart and Arbiter a number of years ago.” 
Hence from theoretical considerations better flota- 
tion results, or at least equivalent results, may be 
obtained at a lower reagent cost. 


Summary and Conclusions 


Dodecylammonium salts in submicellar concen- 
tration make enormous electrokinetic changes at 
the surface of quartz. The change from negative 
to positive zeta potential for the mineral establishes 
the existence of specific cation adsorption in some 
concentration ranges. 

The adsorption seems to take place as individual 
aminium ions until a certain critical concentration 
is reached in the double layer. At this critical con- 
centration it seems that the adsorbed ions begin to 
associate into hemi-micelles adjacent to the surface 
and oriented. This phenomenon would be similar 
to that leading to the formation of micelles in bulk 
solutions. The hemi-micelles can be considered as 
giant polyvalent cations, polymers of the unasso- 
ciated aminium ions, possibly combined with some 
amine molecules too. 

The hemi-micelle hypothesis leads to interesting 
speculations concerning the value of cooperating 
collectors, and the part of nonionized collecting con- 
stituents of flotation systems. Interesting parallels 
to the properties of gas-liquid interfaces of aqueous 
solutions are indicated. 
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Work of the Geochemical Exploration Section 
Of the U. S. Geological Survey 


by T. S. Lovering 


prospecting extends the age-old 
method of searching out lodes with a gold pan 
and rationalizes the prospector’s hunch that certain 
plants are associated with ore. It uses sensitive but 
cheap and rapid analytical methods to find the diag- 
nostic chemical variations related to hidden mineral 
deposits. Exploration geologists can gain tremendous 
assistance from this new tool, although its optimum 
use is not simple. To bring out the geochemical pat- 
tern that reveals the presence of a hidden ore de- 
posit with a minimum number of samples requires 
a combination of shrewdness, chemical knowledge, 
and exploration geology. 

The use of sensitive analytical methods for pros- 
pecting had its start in the 1930’s in northern Europe, 
where Scandinavian and Russian geologists had 
some success in these early efforts. Very little geo- 
chemical prospecting was carried on in the United 
States at this time, and no sustained interest was 
manifest until the close of World War II, when geo- 
chemical investigations were started by the Mineral 
Deposits Branch of the U. S. Geological Survey. The 
purpose of these investigations was to apply geo- 
chemical principles and techniques to surface ex- 
ploration for mineral deposits. Both the research on 
analytical methods and the routine trace analyses for 
field investigations were at first conducted by a sin- 
gle group, but it later became apparent that the 
trace analyses could be done by men of less experi- 
ence than that required for successful research on 
methods. For the past several years there have been 
two groups of chemists, and although their functions 
overlap, three of the chemists are chiefly concerned 
with research, while four to six other men make the 
trace analyses for field projects. 

The chemical investigations, as well as the field 
projects of the Geochemical Exploration Section, 
concern only those phases of the subject that are 
appropriate to a government organization; every 
effort is made to help private industry, but not to 
compete with it, in finding orebodies. .The chief aim 
of the Section, therefore, is to develop new analyti- 
cal techniques and publish the results promptly, to 
carry out field investigations of the fundamental 
principles of geochemical dispersion, and to field test 
promising techniques under controlled conditions. 

Some routine geochemical exploration work is 
carried on in connection with DMEA loans, and in 
district studies where the project chief wishes geo- 
chemical information on certain areas for his report. 
It should. be emphasized, however, that geologists of 
the Geochemical Exploration Section are primarily 
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concerned with fundamental principles underlying 
the distribution, migration, and concentration of ele- 
ments in the earth’s crust. 

To facilitate the use of geochemical methods the 
USGS has published much information on its meth- 
ods of analysis and has provided opportunities from 
time to time for qualified professional personnel to 
study these methods, to work in the USGS labora- 
tory, or to attend demonstrations of the analytical 
techniques at the Denver Federal Center. 

Typical of the research carried on are the prob- 
lems now being investigated: 


1) Development of rapid and sensitive analytical 
methods suitable to the determination of traces of 
metals and other minor elements in various mate- 
rials, such as rock, soils, plants, and water. At the 
present time attention is being concentrated on U, 
Bi, Cr, and Hg, and satisfactory rapid trace analyti- 
cal methods are virtually perfected for U and Bi. 
Good methods are also available for: Cu, Zn, Pb, Ni, 
and P. 

2) The relation of geochemical anomalies in plant 
materials to the geochemical distribution of elements 
in soils surrounding the plant. 

3) A study of the dispersion halos in transported 
sedimentary cover such as glacial drift and alluvium 
over known orebodies. 

4) A study of the behavior of ore metals in the 
weathering cycle. 

5) A study of the behavior of the ore metals dur- 
ing magmatic differentiation. This requires a study 
of the distribution of minor metals in fresh igneous 
rocks and their component minerals in a well estab- 
lished differentiation series and in adjacent country 
rock. 

6) A study of the dispersion of metals in primary 
halos in the wall rock surrounding orebodies. 

7) Regional and local studies of the metal content 
of surface and groundwater in mineralized and bar- 
ren areas. 


Many field projects of the Mineral Deposits 
Branch also require the services of USGS chemists 
during their investigation of the geochemical envi- 
ronment of ore deposits. 

From the work that has been done certain gen- 
eral principles have emerged. Concentrations of an 
element that are above the general or background 
value of barren material are called positive geo- 
chemical anomalies or simply an anomaly, whereas 
values less than background are called negative 
anomalies. The anomalies most commonly investi- 
gated in geochemical prospecting are those formed 
at the earth’s surface by agents of weathering, ero- 
sion, or surficial transportation, but more and more 
attention is being given to primary anomalies found 
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in bedrock, such as those related to hydrothermal 
alteration and the ore depositing processes. 

There may be a marked variation in the back- 
ground of an element within certain broad regions 
that may be considered metallogenetic provinces. 
Intrusive rocks within regions where tin veins occur 
commonly have a higher background of tin than 
similar rocks in other areas; high cobalt has been 
found in country rock miles away from known ores 
in Idaho; high antimony is characteristic of the 
country rock in Alaskan antimony districts. It has 
become evident, therefore, that chemical studies 
may provide regional as well as local guides for ore. 

As recently stated by Ahrens (1954) the general 
distribution of trace elements in common rock is 
approximately log normal. In harmony with Ahrens’ 
conclusions the USGS has found in studying pat- 
terns of anomalous values that significance depends 
more upon relative differences than upon arithmetric 
differences. The USGS takes the threshold of sig- 
nificance to be approximately twice the value for 
background in most instances. It has also found that 
the significance of the geochemical anomaly is best 
expressed by use of geometric ratios: in contouring 
geochemical results the different contours commonly 
represent 2, 4, 8, 16, and 32 times the background 
value rather than 2, 3, 4, 5, and 6 times the back- 
ground. 

Any study of a primary anomaly should be based 
on a good knowledge of the geology of the mineral 
deposits. A primary halo resulting from hydrother- 
mal alteration may be either on the outlet sides of a 
blind orebody or on the inlet side of an eroded ore- 
body, and the solutions creating it may have been 
moving upward at a decided angle. The resulting 
anomaly therefore may not be directly over the ore 
and may be offset a substantial distance from a ver- 
tical position above the blind mineral deposit. In 
studying primary halos it is of great importance to 
establish the angle or rake of the anomaly at depth, 
the third dimension of the geochemical anomaly. 


Interpretation of geochemical anomalies always 
depends upon local conditions. In an unexplored 
area first priority for physical exploration will us- 
ually be given to those anomalies that show high 
contrast to background, are relatively homogeneous, 
and have substantial areal extent. Nevertheless, the 
geochemical prospector should always realize that 
he is far more likely to hit noncommercial minerali- 
zation than a bonanza. Although a geochemical 
anomaly that runs 2500 ppm of lead in contrast to a 
background of 20 ppm is impressive, it should not be 
forgotten in the enthusiasm of the moment that the 
high-grade anomaly still is only 0.25 pct lead and 
may represent concentration over mineralized 
ground that carries even less. 


The likelihood of finding a profitable orebody is 
probably analogous to that of finding a productive 
ore district. Some idea of a statistical probability 
of doing this is given by the figures T. B. Nolan pre- 
sented in his presidential address of 1950 before the 
Society of Economic Geologists. The districts within 
a radius of 200 miles of the Hoover Dam number 285 
and are distributed through 125,000 sq miles of ter- 
ritory, or approximately one district for every 440 
sq miles. When plotted as a graph according to or- 
ders of magnitude of production, beginning with 
zero to 10,000 and ending with more than 100 mil- 
lion dollars, the number of districts in each category 
are as follows: 123, 77, 40, 34, 9, 2. This approxi- 
mates an exponential curve corresponding to the 
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squares of consecutive odd numbers 11, 9, 7, 5, 3, 1. 
It seems reasonable that in any population of ore 
deposits or groups of ore deposits, such as comprise 
districts, there will be a similar exponential varia- 
tion and that a dozen or more noncommercial de- 
posits will be found for every one of major impor- 
tance. It is in harmony with this assumption that 
the well-known statistical studies of Lahee on oil 
discoveries show that only one wildcat in about nine 
brings in a new oil field, even though the work is 
based on geologic and geophysical advice. 

USGS work on primary halos has shown that an 
anomaly with good contrast may be obtained in an 
altered but barren extrusive rock 350 to 500 ft above 
horizontal pipe-like orebodies in an underlying 
limestone where there is minor premineral fractur- 
ing in the extrusive rock and limestone. In the walls 
of orebodies in unfractured limestone, however, the 
heavy metals move only a short distanve, commonly 
from 10 to 20 ft, beyond the sharp edge of the ore. 
In one place where sampling was carried on in a 
crosscut, a sharp rise in the lead value at the face 
led to the conclusion that an orebody must be near- 
by, although there was no other indication. The 
crosscut was extended later and the edge of a pre- 
viously unsuspected orebody was found about 12 ft 
ahead. More than 12,000 tons of ore averaging 6 pct 
lead, 7 pet zinc, and 7 oz of silver were taken from 
this body, the presence of which was indicated by 
geochemical sampling. 

Anomalies of surficial origin—secondary anom- 
alies—include most of the discoveries credited to 
successful geochemical prospecting. Such anomalies 
result from the weathering of rocks and ores in situ 
and occur in the material dispersed from an ore de- 
posit by glacial ice, moving water, or by slide and 
creep (colluvium). In general gold, lead, tin, iron, 
manganese, arsenic, and antimony are relatively im- 
mobile and tend to concentrate in residual soil; 
uranium, cobalt, nickel, and zinc are much more 
mobile and are usually impoverished in gossans. 
Copper, silver, molybdenum, and tungsten are er- 
ratic in their behavior and in some areas are en- 
riched and in others leached. Many of the more 
mobile metals are fixed in part by clays in the soil 
at no great distance from the weathering orebodies 
and tend to form a broader geochemical anomaly 
than do the immobile metals. Although much early 
geochemical work was restricted to areas of residual 
soil, recent work has indicated the possibility of us- 
ing it successfully in colluvium covering sub- 
outcrops of ore. 

In the Blackbird cobalt district of central Idaho, 
which was investigated by the Geological Survey, 
geochemical anomalies show maximum arsenic and 
cobalt content of about 1000 and 300 ppm, respec- 
tively, as compared with background values of 10 
and 30 ppm. The contrast for arsenic which is asso- 
ciated with the cobalt ore is 100 to 1, but the cobalt 
contrast itself is only about 10 to 1, and as a result 
the anomaly expressed by the arsenic pattern is 
much more striking than that expressed by cobalt. 
Cobalt is evidently more mobile than arsenic under 
the conditions of weathering in this locality, and the 
relatively insoluble arsenic becomes an indicator 
element of greater value in the precise location of 
ore than is cobalt—the metal of the ore sought. 

In most places displacement of a soil anomaly 
through creep or slide can be understood and readily 
interpreted in terms of local geological evidence. The 
displacement of a geochemical anomaly in residual 
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soil so thoroughly leached that a substantial volume 
of material had been removed was established by 
Survey work at Friends Station, Tenn. Here a de- 
posit that dipped at a moderate angle would project 
to the surface a substantial distance from the actual 
outcrop of the residual ore material in the weathered 
soil, because approximately two-thirds of the orig- 
inal volume of the limestone had been dissolved to 
form the residual soil. In such localities the impor- 
tance of establishing the third dimension of the geo- 
chemical anomaly in both soil and bedrock is very 
apparent. 


In arid regions where residual soils are lacking, 
metals otherwise mobile may be carried a substan- 
tial distance as detritus. In the San Manuel district 
of Arizona the alluvium from washes that do not 
receive detritus from the weathered orebody contain 
about 40 ppm of copper, whereas the alluvium in the 
dry stream bed that crosses the orebody carries 600 
ppm a half mile below the ore outcrop. Detrital dis- 
persion trains of materials that weather readily 
under mild humid conditions may also be formed 
through the work of glaciers. 


In addition to the mechanical dispersion trains 
found in glacial drift which seem reasonable enough, 
there are many instances of superimposed diffusion 
halos in barren detritus, either glacial or alluvial, 
that has been swept over an orebody by the agents 
of erosion. This somewhat surprising situation prob- 
ably reflects diffusion of the ore metals through damp 
silty and clayey overburden in contact with the oxi- 
dizing ore of the bedrock. Such diffusion may be 
related to the electric field that attends the oxidation 
of the sulphide orebody and may be the chemical 
partner of a self-potential geophysical anomaly. 


In areas where thin soil or colluvium les under a 
heavy vegetation ground cover, as in some parts of 
the Arctic tundra, rapid sampling with a sharpened 
pipe a few feet long has been tried with success by 
Survey geologists. In the first use of this technique 
three antimony deposits were found in southeast 
Alaska last year where there was no outcrop visible. 


It is well known that certain plants may be very 
useful in showing the presence of geochemical 
anomalies not readily apparent at the surface. Ideal- 
ly the root systems of trees and other vegetation can 
be powerful sampling mechanisms that bring certain 
mobile elements up from the subsoil or bedrock 
through distances as great as 50 to 75 ft. Plants that 
take up relatively large amounts of certain elements 
are called accumulator plants, whereas those that 
show a strong preference for areas where certain 
elements are abundant but do not take up large 
amounts of the elements in question are known as 
indicator plants. Both are of use in prospecting. 

In analytical work on vegetation the heavy metal 
content of the geobotanical samples must be com- 
pared on the basis of identical species and not of one 
species with another, and preliminary work should 
establish which plants are to be used. In western 
United States the USGS has found that willow, 
aspen, spruce, sage, and selenium indicator plants 
are especially well adapted for geochemical explora- 
tion. The geobotanical work by the USGS has re- 
sulted in finding certain uranium orebodies. It is 
reported in the literature that plant analysis led to 
the discovery of tin and tungsten deposits in Corn- 
wall, vanadium-bearing shale in Sweden, a tungsten 
deposit in Sweden, and a number of mineralized 
areas in southern Canada and elsewhere. Further 
work on this interesting technique is being carried 
on by many scientists both in the USGS and outside. 

Geochemical methods should be simple, rapid, and 
inexpensive. Low cost personnel should be able to 
operate them with relatively little training. A fair 
degree of precision—reproducibility of results— 
rather than a highly quantitative accuracy is the end 
sought in applied geochemical prospecting. It is al- 
ways desirable to make preliminary orientation sur- 
veys so that the geochemical problems and the sam- 
pling problems can be evaluated before a full-scale 
geochemical program is begun. Geochemical surveys 
may fail needlessly even when the analytical work 
is satisfactory if the wrong type of chemical anomaly 

(Continued on page 966) 
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is sought, or if the samples were taken in the wrong 
places, in the wrong materials, or with the wrong 
spacing. Preliminary work should establish the ele- 
ments sought, the material best suited for sampling, 
the most effective analytical procedure, the best 
geometric pattern for sampling, and the maximum 
permissible spacing of the samples necessary to re- 
veal anomalies. The techniques selected depend on 
the kind, size, and the homogeneity of the anomaly 
and on its general shape, e.g., a dispersion train, a 
dispersion fan, or a dispersion halo. 

Since most surficial geochemical anomalies result 
from movement of soil, water, or rock, the factors 
that should determine the geometry of the sample 
pattern are the direction of movement, the topog- 
raphy, and the size and shape of the source of the 
material. Before working with primary geochemical 
anomalies it is essential that a good geologic study 
of the deposit be made. The sample spacing for any 
anomaly should be such as to assure that at least one 
or more samples will fall within the zone of an 
anomaly. In known target areas geochemical sam- 
ples may be spaced as closely as 10 ft apart or as 


widely as several hundred feet apart, depending 
upon local conditions. District size targets are us- 
ually sought by investigation of streams and their 
sediments, and samples may be spaced more than a 
mile apart if the anomalous metal content can be 
detected by water samples several miles from the 
source. Obviously those geologic conditions permit- 
ting a wide spacing of samples are especially suitable 
for geochemical prospecting in virgin territory. 

Ore deposits make up a very small fraction of the 
earth, and one of the principal objectives of the 
prospector is to pick up the most favorable area for 
intensive study as quickly and cheaply as possible. 
On entering a new region the exploration geologist 
will use cheap, rapid reconnaissance methods so far 
as is feasible and after the elimination of unfavor- 
able localities will make an increasingly intensive 
study of the favorable areas to reduce the size of the 
target that must be proved by physical investigation. 
Under favorable circumstances geochemical methods 
can help the exploration geologist enormously, and 
no modern mining geologist can afford to be ignorant 
of this powerful new tool. 


Magnetic Storm Monitor 


by W. E. Wickerham 


HE Magnetic Storm Monitor is an instrument 

that continuously records variations in the 
earth’s total magnetic field at a fixed location. It is 
intended for use in conjunction with airborne mag- 
netometer surveys. 

There are stormy periods when changes in the 
earth’s magnetic field are so violent that data ob- 
tained with airborne equipment would be of little 
value. The Monitor provides this information so that 
flights may be cancelled or terminated, thus elimi- 
nating useless flying. Moreover, when some unpre- 
dictable change in the earth’s field occurs during 
an airborne survey, the Monitor record, showing a 
similar event, may serve to salvage the data. 

The utility of a base instrument is determined 
largely by its physical dimensions, power require- 
ments, stability, and reliability. This instrument is 
small enough to be transported in any powered 
vehicle. It will operate from either a 110 v, 60 cycle 
power line or from an inverter powered by an auto- 
mobile battery. The development of an electronic 
feedback circuit that measures the magnetic field 
strength and a fabricated buckout magnet having 
essentially zero temperature has contributed to in- 
strument stability and reliability. A tripod support- 
ing the magnetometer head, a chassis housing all 
electronic components, and an Esterline Angus Re- 
corder comprise the equipment, shown in Fig. 1. 
The vibrator-type inverter shown is used when a 
110 v, 60 cycle power line is inaccessible. Approxi- 
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Fig. 1—Photograph of the entire equipment. 


mately 60 w are required to operate the instrument 
and the circuit is insensitive to reasonable power 
line voltage changes or transients. 

The head unit contains a fluxgate-type magneto- 
meter element and a special magnet mounted on a 
ceramic structure. Since this magnet is used to buck 
out most of the earth’s field, adjustments are pro- 
vided for properly positioning the magnet with re- 
spect to the element. This assembly is mounted in 
such a way that the element can be oriented into the 
total field. 

Fluxgate Element: The heart of the Storm Monitor 
is a fluxgate-type magnetometer element. The 
ability of this unit to detect changes in magnetic 
fields has been covered at length in the literature.” ” 
For this discussion it will suffice to say that the Gulf 
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element comprises two coils having ferromagnetic 
cores which are driven cyclically through saturation. 
A secondary or compensating coil encompasses both 
primaries. The primaries, connected in series opposi- 
tion, are arranged so that one core saturates slightly 
ahead of the other core and the resultant output is in 
the form of sharp pulses as shown in Fig. 2 (a). The 
positive and negative pulses are equal in amplitude 
when external magnetic fields are zero, 

The relative amplitude of the pulses is related 
to the state of magnetization of each core during the 
positive and negative half cycles of excitation volt- 
age. If both cores saturate at exactly the same time, 
complete cancellation of the voltages will produce 
zero output. Purposely unbalancing one coil causes a 
given core to saturate first during either half cycle 
of excitation voltage. The state of magnetization of 
the cores is identical in either case; consequently, 
positive and negative pulses are equal in amplitude. 

In the presence of some ambient field, the time at 
which the individual cores saturate is altered. This 
produces a change in output as shown in Fig. 2 (b). 
A reversal in the ambient field causes a reversal in 
output as in Fig. 2 (c). 

A permanent magnet moved near the element will 
influence the output as in Fig. 2 (b) or 2 (c), or if 
the earth’s field is causing pulse inequality, a perma- 
nent magnet may be used to restore pulse equality. 

The element ouput can also be controlled by pass- 
ing direct current through the secondary coil; in this 
case the created field will aid or oppose the earth’s 
field. A given polarity of current through the coil 
produces output as in Fig. 2 (b) and with the cur- 
rent reversed, the output is like Fig. 2 (c). 

Electronic Compensator: The foregoing suggests 
that if the element is exposed to an ambient mag- 
netic field and the pulses become unequal, de cur- 
rent of the proper amount can be passed through the 
secondary coil to restore pulse equality. A measure- 
ment of the current required to do this constitutes a 
measurement of the ambient field, and if the coil is 
properly calibrated, the current can be translated 
into terms of magnetic field strength. 

The electronic compensator supplies de current to 
the compensating coil in a direction which tends to 
nullify the earth’s field at the element. The entire 
circuit, including the magnetometer element, is a 
feedback loop that is conducive to excellent stability. 


The signal from the magnetometer element is used 
to control the amount of current feeding through the 
compensating coil. The element senses the need for a 
change in current when the earth’s field is not nulli- 
fied and the compensator complies by changing the 
current in a direction to re-establish the null. 

With reference to the block diagram, Fig. 3, a 
stabilized 400 cycle oscillator is used to excite the 
fluxgate element. The output of the element is in the 
form of alternate positive and negative pulses, as 
previously described. 

It is essential that the pulses to be amplified and 
shaped possess the same polarity so that they may be 
passed through the same single-channel amplifier, 
since the siugle channel insures that both pulses will 
be treated alike in the process. A balanced ther- 
mionic diode is used to convert the alternating 
polarity pulses from the element into unidirectional 
pulses suitable for input to the single-channel am- 
plifier and shaper. A reversal switch is provided to 
check diode balance and an adjustment is provided 
to correct for minor differences in balance. 

The amplifier and shaper prepares the signal for 
charging a differential filter. Any inequality existing 
in the pulse input will be exhibited as unequal saw- 
teeth at the output of the amplifier. 

The sawteeth are fed into a gated vacuum tube 
circuit. Four-hundred cycle voltage controls one 
gate in such a way as to pass a given sawtooth and 
reject the following one. Likewise, the other gate is 
phased to pass and reject alternate sawteeth in the 
reverse order from gate No. 1. The output of each 
gate will be noted on the diagram, Fig. 3. 

Two filter networks are charged from the output 
of the two gates and for equal sawteeth, the com- 
bined filter output is zero. For unequal sawteeth, the 
polarity of the de voltage at the filter output is 
established by the relative sizes of input sawteeth. 

The differential filter output controls a tube which 
is feeding current through the compensating coil. 
When the pulses become unequal, the filter output is 
phased in a manner to restore pulse equality and the 
change in current required to do this is measured by 
a recording milli-ammeter. 

It is essential that the sensitivity of the recorder 
be high enough to resolve a field change of 1 or 2 
gamma. This is accomplished by bucking out most of 
the earth’s field with a special magnet and recording 
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Fig. 2—Fluxgate element pulse wave forms. 


TRANSACTIONS AIME 


Fig. 3—Block diagram of equipment used. 
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Fig. 4—Photograph of magnet, mounting, and tripod head. 


the residue. The sensitivity used is 250 gamma for 
full-scale deflection of the one milli-ampere re- 
corder. The recorder can be shunted to lower the 
sensitivity. This causes overdamping, but slow 
changes can still be observed. 

Since the buckout magnet is one of the unique 
features of this instrument, some details of its con- 
struction follow. 


Temperature-Compensated Magnet: Permanent 
magnets exhibit negative temperature coefficients, 
which means that their magnetic moment decreases 
as the temperature is raised. Several Alnico bar 
magnets have been measured and found to have a 
coefficient of approximately —16 x 10° per degree C 
or —0.016 pct per degree C. If such a magnet were 
used to buck out a 50,000 gamma field (an average 
figure) the drift would be 8 gamma per degree C. 

Some of the widely publicized ferrite materials 
meeting the requirements for permanent magnets 
have temperature coefficients on the order of —0.16 
pet per degree C. This is ten times greater than 
alnico. A theoretically perfect compensated magnet 
can be made by opposing an alnico magnet by a 
ferrite magnet having a moment about 10 pct that 
of the alnico. 

Ferrite magnets can be made in the form of 
washers. In practice, this offers a convenient means 
for assembling a composite magnet, since ferrite 
washers can be slid onto an alnico bar magnet and 
clamped in place. Such a magnet is shown in Fig. 4. 
To compensate a given magnet it is practical to use 
several small ferrite washers rather than one large 
one, since this provides some flexibility in adjusting 
moments. A ferrite washer can be ground, if neces- 
sary, to accomplish the final adjustment. 
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Mounting for Magnet and Element: Changes, in 
distance between the buckout magnet and the ele- 
ment can cause serious drifts. Magnetic field 
strengths at the element may be considered to be in- 
versely proportional to the cube of the distance be- 
tween the magnet and element in this application. 
Algebraically expressed, 


1 K 
Fa = 
where f = magnetic field strength, D = effective 


distance between the magnet and element, and K = 
a constant whose value is fixed by the units used 
for F and D. 

A small change in distance AD will cause a field 
change: 


AF = AD. 
D 


For example, if the field is 50,000 gamma for a spac- 
ing of 4 in., a change of 0.001 in. in D gives 


— 3 x 50,000 
IP ; x0.001 = —37.5 gamma. 


It will be clear that if serious drifts are to be 
avoided the magnet must stay fixed with respect to 
the element. This is accomplished by using a zero 
temperature coefficient ceramic material to support 
the element and the magnet. 

Operational Procedure: The tripod and head as- 
sembly should be set up in a shaded location. Initial 
adjustments can be made by one man with the 
amplifier and recorder approximately 15 ft away 
from the head. It is recommended that the units be 
separated approximately 100 ft in the final setup to 


@avoid magnetic disftirbances by cars driving up to 


the base station. Direct sunshine or gusts of wind 
can cause local dimensional changes in the mount- 
ing or even in the tripod legs, the latter resulting in 
misorientation with respect to the earth’s field. 
Either effect will in turn show up as drift. Slow 
thermal changes can be tolerated. A tent or col- 
lapsible wooden hut has been found to be advan- 
tageous for sheltering the tripod. 

With the instrument running, positioning the 
buckout magnet will bring the recorder on scale. 
The element can be oriented manually into the total 
field by manipulation of the head adjustments until 
maximum field strength is indicated on the recorder. 
Tests can be made periodically to insure that the 
equipment is in proper working order. 

Obviously, time synchronization between the base 
station and aircraft recorders is necessary. For ordi- 
nary service a clock or pocket watch can be used and 
time can be indicated manually on the records. How- 
ever, a marker pen is provided in the recorder which 
can be actuated electrically to establish fiducial 
marks if automatic time-fiducial marking is desired. 
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Heavy-Media separation plant and mine area, Keystone, S. D. 


Mining and Concentrating Spodumene 
In the Black Hills, South Dakota 


by Gerald A. Munson and Fremont F. Clarke 


URING recent years the use of lithium has ex- 

panded greatly in industrial, chemical, and 
metallurgical fields, while at the same time mod- 
ernized methods of mining and refining lithium have 
increased production. Technical literature includes 
many papers describing the geology and mineralogy 
of lithium deposits. Mining and beneficiating prob- 
lems, however, have not been thoroughly described. 
Published reports have failed to emphasize that one 
of the chief reasons lithium minerals were not ex- 
tensively mined until recently is the difficulty of 
beneficiation. 

Four lithium minerals of pegmatites and the 
lithium-sodium-phosphate byproduct from _ the 
brines at Searles Lake, Calif., have been sources of 
lithium. Among the pegmatite minerals, only spodu- 
mene and petaline are known to occur in deposits 
large enough to support large tonnage operations. 
Spodumene, a lithium-aluminum-silicate, is the 
principal lithium mineral mined in the U. S. 

Lithium Corp. of America, during its rapid de- 
velopment and growth, has successfully employed 
three different methods of concentration: 1) hand 
sorting, 2) Heavy Media separation, and 3) froth 
flotation. ach method, though economic in its 
sphere, is becoming outdated as extractive tech- 
niques improve. The most recent development has 
taken place at Lithium Corp.’s new operation in 
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North Carolina, where the extractive process yields 
lithium compounds directly from mined rock with- 
out an intervening concentrating step. 

Until 1954 Lithium Corp. mined only in the south- 
ern part of the Black Hills of South Dakota, where 
the various types of lithium-bearing pegmatite 
could be used to develop untried processes of bene- 
ficiation. Concentrates from these operations are 
shipped to the corporation’s chemical plant in St. 
Louis Park, Minn., where actual extraction of 
lithium and production of commercial compounds 
takes place. 

Nature of Deposits 

The geology of the southern Black Hills pegmatite 
deposits is admirably presented by a U. S. Geological 
Survey publication.* Only the factors pertinent to 
exploitation need be mentioned here. Lithium Corp. 
has been interested primarily in three deposits, the 
Edison, the Mateen, and the Longview-Beecher No. 
2. The history of these deposits dates back to the 
mining boom of 1880 to 1900 in the Black Hills, 
when most of the deposits were prospected for tin 
by the ill-fated Harney Peak Tin Mining Co. The 
three deposits described here, however, lay idle and 
unwanted until Lithium Corp. opened the Edison 
mine in 1943 and the Mateen and Longview-Beecher 
No. 2 in 1951. 

Edison Deposit: The Edison deposit is about a 
mile southeast of Keystone, S. D., on the northeast- 
ern flank of the Harney Peak uplift. The deposit 
consists of no less than four and probably at least 
six separate pegmatites that coalesce in a central 
mass from which the individual pegmatites finger 
outward and downward in complexly folded schist 
and gneiss beds of the country rock. 
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Each of the pegmatites has a wall zone consisting 
of quartz, albite feldspar, and muscovite, and a core 
consisting of spodumene, albite, and quartz. The 
internal structure is not readily recognized in the 
area where the pegmatites coalesce, but even here 
spodumene-bearing pegmatite can be readily dis- 
tinguished from barren pegmatite for mining pur- 
poses. The central mass of this deposit measures 
300 ft long by 150 ft wide and has been explored 
to a depth of 250 ft below the original outcrop. 

Structure is further complicated by four major 
faults and a host of minor faults and fractures. 
Three of the major faults follow the trend of the 
long axis of the deposit and the fourth intersects 
the others at an angle. 

The deposit averages 25 pct spodumene. Length 
of the spodumene crystals ranges from a fraction of 
an inch to 10 ft; the average is probably 1 ft. The 
mineral is free at 6 mesh or coarser size. 

Mateen Deposit: The Mateen deposit on the 
southern edge of Hill City, S. D., is on the north- 
western flank of Harney Peak and some 14 miles 
west of the Edison deposit. It consists of three and 
possibly four pegmatite dikes, which lie in close 
echelon, forming a ridge at the outcrop. Two of the 
dikes coalesce approximately 100 ft below the sur- 
face and outcrop as a single dike. The third has a 
narrow outcrop along the crest of the ridge and the 
fourth (or possibly the downward extension of the 
third) is seen only in development workings 200 ft 
below surface. All the dikes, plunging steeply to 
the north, are discordant to the foliation of the 
enclosing schists. 

The main mass of the deposit is exposed along 
the surface for 700 ft in length and over 35 to 50 ft 
in width. It is known to extend an additional 250 
ft in length on the 200-ft level. 

The third dike outcrops over a length of 200 ft. 
The fourth shows a width of 30 ft in a crosscut on 
the 200 level, but its linear extent has not been 
determined. 

The more southerly of the coalescing dikes stands 
nearly vertical, but its companion dips flatly east- 
ward across the schist from the horizon of coales- 
cence. The vertical dike appears to bottom shortly 
below the 200-ft level, but the other dike maintains 
its thickness at the greatest depth of exploration to 
date. The coalescing dikes form a single body in 
the surface workings, but a small parting has been 
observed some 35 ft above the 100-ft level. Fingers 
of pegmatite meander from the southerly end of the 
main mass. The dikes are laced with fracture part- 
ings, which admit percolating waters and contribute 
to minor weatherings and deposition of secondary 
minerals. This condition becomes pronounced in 
areas near the keel of the dikes. 

All the dikes are zoned. The fine grained pegma- 
tite 1 to 3 ft thick that encases the central mass is 
generally barren of spodumene and is composed of 
quartz, albite, microline, mica, and accessory cas- 
siterite. The spodumene-rich core of this deposit 
contains about 20 pct spodumene; range in grade is 
from 15 to 35 pet. Spodumene crystals are uniformly 
oriented in a nearly horizontal position normal to 
the walls. The crystals are closely packed in a 
matrix of quartz-albite-microline pegmatite. 

Contrary to earlier exploratory data, mining has 
shown that this deposit can yield a uniform product. 
Only near the keel of the vertical dike is the lithi- 
um content low, and no barren areas of any size 
have been encountered. Otherwise the spodumene 
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Fig. 1—Mateen open pit and underground development struc- 
tures, Hill City, S. D. 


content at the 200-ft level is the same as in the sur- 
face pits. 

The spodumene crystals range downward from 
about 10-in. length, averaging perhaps 6 in. The 
mineral is free when crushed to 50 mesh. 

Longview-Beecher Deposit: The Longview- 
Beecher No. 2 deposit is located far out on the 
southwestern flank of Harney Peak range, some four 
miles south of Custer, S. D., and 18 miles south of 
the Mateen deposit. This deposit is one of a series 
of three major pegmatites, including the widely 
publicized Beecher lode and the Beecher No. 3 
beryl mine. All strike northward and dip steeply 
to the west concordantly with the enclosing schists. 
The Longview-Beecher dike is separated from the 
other two dikes by more than 50 ft of country rock. 

Roof pendants and rolls of country rock indicate 
that only the uppermost reaches of the dike have 
surfaced. The deposit outcrops solidly over a length 
of 1200 ft and has a fairly constant width of 200 ft. 
Spodumene-rich pegmatite is exposed in major 
areas aggregating some 78,000 sq ft. Three areas 
have been exploited to some extent. The main mass 
to the south covers an area 170x100 ft while another 
mass in a southwesterly extension of the pegmatite 
is exposed over a length of 180 ft and average width 
of 80 ft. These units have been explored only 150 ft 
below the outcrop. For the most part the spodumene 
is contained in a quartz-albite matrix, but micro- 
cline is common. The spodumene crystals show no 
orientation. They range in size from a fraction of 
an inch long to rare crystals 6 ft long, averaging less 
than 1 ft. The spodumene is free at 50 mesh. 

Other Deposits: The Black Hills have many other 
lithium pegmatites including the famous Etta mine, 
which contains spodumene crystals up to 47 ft long. 
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Many crystals in the deposit are 10 ft long. In con- 
trast, the Tinton deposit, in the northern Black Hills 
contains few spodumene crystals visible to the 
naked eye, and the largest are no more than 4 in. 
long. At Tinton the spodumene is free at 100 mesh 
or finer. 

The theoretical maximum lithia content of spodu- 
mene, LiAl (SiO,)., is 8.0 pct, but the highest grade 
specimens contain no more than 7.5 pct Li,O. The 
difference is accounted for partly by substitution of 
other elements for Li in the spodumene lattice; 
partly by the presence of quartz, feldspar, and mica 
that enter even the cleanest concentrates; and partly 
by alteration of spodumene to micaceous and clayey 
minerals. 

Weathering is most pronounced along and near 
fault planes and to a lesser degree along the more 
remote fracture patterns. It is most often accom- 
panied by deposition of ferrous or manganous clay 
fractions or stains upon the mineral affected. Some- 
times the color cast may extend throughout the at- 
tacked minerals; otherwise it is confined to the sur- 
face, fracture, or cleavage planes. 

Spodumene crystals tend toward euhedral form, 
but most crystals are in part embayed by adjacent 
minerals. The thickness-width-length ratio approxi- 
mates 1:2:12, but the long axis may be far greater 
than the others. In many deposits the crystals show 
no orientation and in rich deposits are intergrown 
in jackstraw patterns. In some deposits, however, 
spodumene crystals are oriented perpendicular to 
the contact. 

The color is usually white or gray but may be 
light to dark brown, blackish, reddish, greenish, or 
bluish depending on impurities or alteration. Pink 
spodumene (kunzite) and green spodumene (hid- 
denite) are rarely found. A common alteration 
product is a dull, soapy, green material very low in 
lithia. 

The spodumene readily breaks free of the matrix 
on crushing and grinding, the fine crystal fragments 
tending to break into long needlelike splinters or 
flat rectangular particles. Under 100X magnifica- 
tion many of these particles show parallel, longi- 
tudinal traces of altered material. In hand speci- 
mens, a claylike coating may be scraped from cleav- 
age surfaces in all but the freshest and hardest 
specimens. 

Mining 

Spodumene pegmatite had never been mined by 
modern mechanized techniques prior to the time 
Lithium Corp. began operations in the area. Many 
deposits worked for feldspar, mica, beryl, and lithi- 
um minerals were too small for mechanized mining, 
but the Edison deposit presented a good opportunity 
for developing mass mining operations. During the 
formative years of Lithium Corp. spodumene was 
concentrated by hand sorting, and initial exploita- 
tion of the Edison was geared to this productive 
rate. An open cut was started near the bottom of a 
draw bordering the base of the pegmatite exposure, 
about 115 ft below the highest outcrop. This pit cut 
into the most westerly dike and for a time sup- 
ported the operation. Then an adit was started from 
the pit eastward 125 ft to transect the other dikes, a 
room was cut along the footwall over a length of 
100 ft, and stope raises were driven and expanded 
to form a glory hole some 110x80 ft at surface. 

By 1947, when increased demand for lithium re- 
quired more rapid and efficient exploitation, the 
corporation transferred a 34-yd P&H shovel to the 
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Fig. 2—Flowsheet of operations at Hill City, S. D. 


property and began the first mechanized lthium 
operation in the southern Black Hills. All of the 
deposit above the adit level was then mined as one 
open pit. 

Subsequent operations lowered the floor of the pit 
60 ft below the adit level. Reserves below this level 
are in divided remnants of the pegmatite, and min- 
ing returned to underground methods. 

Equipment was moved to the Mateen mine at Hill 
City, where the pegmatite outcrop forms a 170-ft 
high ridge. A series of horizontal benches were 
driven along the strike of the deposit, and access is 
easily maintained by slabbing short entry cuts in 
the exposed sheath of country rock. The Beecher 
mine is also an open pit, but there the topographic 
relief is very low, a disadvantage offset by the great 
area of spodumene-bearing pegmatite. As mining 
progressed from operation at the Edison to later 
operations at the Mateen, Fig. 1, and Beecher, tech- 
niques for breaking and moving ore and waste im- 
proved. After the 34-yd shovel was put in opera- 
tion, 144-ton trucks displaced the hand mining sys- 
tem of the Edison open pit and have continued in 
use at later operations at the Mateen and Longview- 
Beecher mines. Experience soon taught that best 
results were obtained by carrying a 12-ft face drilled 
horizontally on a basic 3x4-ft pattern to a depth of 
16 ft. Blasting is successful with an average 1 lb 
of 45 pct Gelex dynamite per ton of rock, and no 
more than 5 pct of the broken material requires 
secondary blasting. Originally the oversize was laid 
aside in the pit, blockholed, and blasted, but more 
recently plastering with 60 pct gelatin dynamite for 
secondary breakage has given good results. 
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Table |. Mill Run Results 


Product Weight, Pct Lithia, Pct Distribution 

No. 1. Partly Altered Spodumene Pegmatite 
Concentrate 15.9 4.92 63.5 
Slime 31.8 0.68 17.2 
Tail sand 52.3 0.46 19.3 
Composite 100.0 1.26 100.0 
Flotation efficiency,* 75.8 pct 

No. 2. Altered Spodumene Pegmatite 

Concentrate 13.1 5.13 57.1 
Slime 38.3 0.75 24.1 
Tail sand 48.6 0.46 18.8 
Composite 100.0 1.21 100.0 
Flotation efficiency, 76.0 pct 

No. 3. Hard Rock with Altered Spodumene 
Concentrate 14.2 3.94 66.4 
Slime 20.4 0.53 12.6 
Tail sand 65.5 0.27 21.0 
Composite 100.0 0.82 100.0 


Flotation efficiency, 76.0 pct 


* Lithia recovery from deslimed flotation feed. 


Successful mining depends largely on the judg- 
ment of the miners and pit bosses. The variable 
nature of the composition and the structural char- 
acter of the rock is such that it is unwise to depend 
on a predetermined pattern of drilling and loading 
the holes. In mining, indiscriminate blasting of waste 
and ore together is avoided by alert attention to the 
variation in rock hardness and by noting the com- 
position of the cuttings during drilling. Where hard, 
tough rock is encountered the drilling pattern is 
closed accordingly, and with soft or highly frac- 
tured rock the pattern is extended or the loading 
spaced. Where waste rock is recognized in the holes, 
the hole is stopped near the contact and blasted to 
that point. The waste is probed during drilling of 
the next round and the waste is blasted and dis- 
posed of separately. Remnants are carefully probed 
and slabbed to maintain clean faces and adequate 
working space for the equipment. Usually three 
working faces are maintained for each mine crew. 

The power shovel operator becomes adept at rough 
sorting of ore and waste from the blasted material. 
Tractor front-end loaders have also been used re- 
cently. 

Concentration of Spodumene Ore 

Hand Sorting: During the earliest operation at 
the Edison mine spodumene was hand sorted at the 
mine face, but subsequently a picking belt was in- 
stalled. The arrangement consisted of a 12-in. rail 
grizzly, ore bin, 18x30-in. jaw crusher, shaking 
screen with 144-in. square mesh cloth, transfer con- 
veyor, surge bin, and 30-in. flat picking belt 30 ft 
long. The —1%-in. material was removed by a 
small lateral conveyor. 

The picking belt was housed over the final ore 
bin, which was divided to receive both reject mate- 
rial and spodumene concentrate. The concentrate 
was hauled to the railroad at Keystone for shipment 
and the reject to waste dumps near the mine. 

Production data shows that the sorting operation 
yielded 10.5 pet by weight of mine run rock as a 
concentrate which averaged 4.8 pct lithia. Quartz, 
feldspar, muscovite, and alteration products of 
spodumene contaminated the concentrate. 

The —14%-in. material, representing 43.5 pct by 
weight of the crude feed, was stockpiled for future 
concentration. The crude feed contained 1.1 pct 
lithia, and the undersize rejects contained 1.76 pct 
lithia.” About 0.4 ton of barren pegmatite and coun- 
try rock per ton of crude feed was rejected at the 
mine face before delivery to the sorting circuit. 
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Heavy Media Separation: Early in 1949 a Heavy 
Media separation plant was put into operation to 
increase production at the Edison mine. This was 
the first plant ever to employ this process to sepa- 
rate minerals having such similar properties as the 
pegmatite minerals. 

The plant consisted of a 12-in. grizzly, crude ore 
bin, 18x30-in. jaw crusher, shaking screen (1% in. 
square mesh), 9x16-in. jaw crusher set at 1% in. 
for the oversize, conveyor, truck haulage to 250-ton 
mill bin, 20-in. belt feeder, a 3x8-ft split deck 
Niagra screen, 35-in. bucket elevator, and a Wemco 
Mobilmill with 5-ft separatory cone. 

Mill feed was —114-in. crushed pegmatite. Under- 
size was wet screened at 6 mesh on the Niagra 
screen, and the coarse material elevated and fed to 
the cone. Minus 200 mesh ferrosilicon and water 
was the medium for the separatory cone. Occa- 
sionally, as much as 10 pct magnetite was added to 
the slurry to balance magnetic characteristics of the 
solid media. 

The difference in specific gravities of the pegma- 
tite minerals is very small for this type of separa- 
tion. Typical figures are listed as follows: 


Spodumene 

Quartz 2.65 
Microline 2.56 

Albite 2.60 
Muscovite 2.76 to 3.1 
Apatite 3.2 
Tourmaline 3.0 to 3.2 
Triphylite 3.4 to 3.56 


Because altered spodumene containing micaceous 
and clay minerals has a lower specific gravity than 
pure spodumene, the difference in specific gravity 
between spodumene and gangue may be virtually 
nil. 

Perhaps the most important difficulty in gravity 
separation of spodumene is its characteristic break- 
age to acicular particles which even in a minor cur- 
rent become buoyant and tend to float off with the 
gangue minerals. This characteristic prevented the 
success of attempts to treat the —6 mesh fraction in 
a Dutch State Cyclone circuit, although laboratory 
test work showed efficient separation to 35 mesh. 

The plant successfully treated Edison ore at 12 
tph of crude feed, yielding the following results: 


Product Weight, Pct Lithia, Pct Distribution, Pct 
Sink tee 36 47.4 
Float 66.5 0.16 13.4 
Fines 26.4 1.19 39.2 
Composite 100.0 0 100.0 


These results, obtained at 2.70 sp gr, were the best 
obtainable from low grade feed. 

Flotation Concentration: Early in 1951 a research 
project was undertaken to determine the best meth- 
ods of concentrating the fine grained pegmatite of 
the Beecher and Mateen lodes. It was soon learned 
that the spodumene could be beneficiated satisfac- 
torily by the relatively simple procedure of deslim- 
ing, caustic blunging, and collecting and floating 
with an anionic fatty acid. In general the process 
follows Falconer* and other writers of the 1940’s. 
Clean mica and feldspar concentrates were also ob- 
tainable. Unfortunately, however, neither feldspar 
nor mica could be readily marketed. The soda and 
potash content of the feldspar concentrate could not 
be controlled well enough to meet marketing condi- 
tions while the flake size of the mica concentrate 
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grain size was too large for use as wet ground mica 
and too small for use as dry ground mica. The silica 
sand tailings could not be transported profitably to 
market under prevailing freight rates. The mill as 
finally operated, therefore, is used solely to con- 
centrate spodumene. 


The plant constructed at Hill City, S. D., was put 
into operation early in 1952. It has operated success- 
fully without major change except that the classifier 
in the grinding circuit has been replaced by Hummer 
screens. The plant is comprised of standard metal- 
lurgical equipment, but some of the equipment has 
had to be modified to correct for the rapid pulp 
settling rate and the extreme abrasiveness of the 
pegmatite material. The generalized flowsheet is 
shown in Fig. 2. 


Location of the plant in the heart of a National 
Forest and in a widely publicized recreational area 
makes it necessary that waste water returning to 
the drainage area be entirely free of contamination. 
Mill waste is pumped some 200 ft vertically and 
2000 ft horizontally to dry draws where the solids 
are settled in normal tailing ponds equipped with 
underdrains to bleed the clarified water from the 
back of the lagoons. The dams are constructed of 
the tailing sands after dewatering in sand cones that 
are located at the discharge end of the tailing pump 
lines and at the heads of the distributing launders. 
The overflow liquid from the cones is directed to 


the pool of the lagoon. Crude burnt lime fed at the 
overflow of the cones effectively coagulates the dis- 
persed slimes. The double diking method‘ of dam 
construction provides adequate pool area in the rela- 
tively narrow and steep draws to permit winter 
operation. 

Insofar as possible, therefore, mill control has been 
made fully automatic so that operators may devote 
their full attention to pulp trends. Milling of peg- 
matite is subject to even more intuitive control than 
the mining operations, for added to the continual 
variations in the mineral character and associations, 
attention must be given to the dissolved mineral 
content of the pulp, pulp temperature, and pH as 
well as to changing mechanical and hydraulic con- 
ditions related to nature of the feed. 

Metallurgical control is based chiefly on analysis 
by flame photometer, but grain estimates under the 
microscope are also used. Microscope determination 
applied to critical products in the circuit gives ade- 
quate information for proper adjustment of the 
machines. Typical mill results on three ores are 
given in Table I. 


References 

1L. R. Page et al.: Pegmatite Investigations 1942-1945. Black Hills, 
S. D., Geological Survey Prof. Paper 247, 1953. 

2Fremont F. Clarke et al.: Edison Spodumene Mine, Pennington 
County, South Dakota. U. S. Bur. Mines R. I. 4234, 1948. 

3S. A. Falconer and B. D. Crawford: Froth Flotation of Some 
poe ere Minerals of Strategic Importance. AIME Trans., 1946, 
vol. 169. 

#V. A. Zanadvorf: Disposal of Mill Tailings at Holden Concen- 
trator. AIME Trans., 1946, vol. 169. 


Extraction of Lithium from Its Ores 


Lithium chemical plant extraction methods are discussed with reference to 1) 
base exchange with alkali sulphates; 2) processing based on roasting with lime; 3) 
miscellaneous methods; and 4) application of the Lithium Corp. process to extraction 
of lithium from run-of-mine, low grade spodumene ore, or concentrates. 


by Reuben B. Ellestad and Fremont F. Clarke 


N the early days of the lithium industry most of 

the production was from lepidolite, zinnwaldite, 
and amblygonite. Nearly all the early extraction 
processes described in the literature involve heating 
the finely ground mineral with sulphuric or hydro- 
chloric acid. On subsequent water leaching most of 
the bases present in the mineral (especially alumi- 
num) are dissolved as sulphates. As a result, the 
leach solution required extensive chemical purifica- 
tion before the lithium could be precipitated as car- 
bonate. Following the remarkable growth of the 
lithium industry to its present size, zinnwaldite and 
amblygonite ores must be considered of minor im- 
portance only. Attention is now focused on spodu- 
mene, abundant enough in North America to be a 
major source of supply, and there are important 
supplies of lepidolite and petalite in Africa. The 
extraction processes described below all apply to 
spodumene, although several will also operate on 
other lithium minerals, such as petalite. 

Base Exchange with Alkali Sulphates: A distinct 
advance was made with the disclosures of Wadman 
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and von Girsewalt. In these methods the finely 
ground silicate ore (spodumene or lepidolite) is in- 
timately mixed with an excess of alkali sulphate 
(usually K.SO,) in at least a 1 to 1 proportion, and 
the mixture was heated to a relatively high tem- 
perature. Base exchange results, with the forma- 
tion of lithium sulphate. A water leach dissolves 
the lithium sulphate, together with the excess 
potassium sulphate. Successful operation of this 
type of process requires very thorough grinding and 
mixing, as well as careful temperature control. The 
use of K.SO, is objectionable from cost consider- 
ations since purification of lithium carbonate re- 
quires the use of potassium carbonate, if the K.SO, 
is to be recovered and recycled. The lower solubil- 
ity of K,SO, as compared with Na,SO, is also objec- 
tionable, since it limits the concentration of the 
Li.SO, solution to be precipitated by K.CO;. Early 
laboratory-scale investigation of this process by 
Lithium Corp. was not encouraging. 

Other related base exchange processes are those 
of Lindblad, Wallden, and Sivander® and Sivander, 
Gard, Villestad, and Wallen*. The former covers the 
reaction of lithium silicate minerals with a sodium 
sulphate solution, at 100° to 300°C (under pres- 
sure), while the latter involves the extraction of 
silicate minerals with molten sodium sulphate. Both 
these processes would seem to be difficult and ex- 
pensive to operate. 


NOVEMBER 1955, MINING ENGINEERING—1045 


Processes Based on Roasting with Lime: Several 
processes have been described in which the finely 
ground ore is mixed with either CaO or CaCO; and 
heated. On water leaching, LiOH is dissolved and 
separated from the insoluble residue. 

The first of these is the patent of Rosett and 
Bichowsky,’ which covers mixing the ore with 
CaCO, in a 1:2 ratio and heating to 800° to 1000°C 
until it is clinkered. Grinding and leaching follow. 
The process of Colton’ is very similar. Next is the 
patent of Nicholson‘ in which beta-spodumene* is 


* This is natural, or alpha-spodumene, which has been heated to 
approximately 1100°C. 


autoclaved with Ca(OH). and water. An alternate 
procedure is also covered, in which alpha-spodu- 
mene is mixed with CaCO,, in a 1:2, or 1:2.7 ratio, 
and heated to a temperature of 1000° to 1230°C, 
followed by leaching. The process of Stauffer® in- 
volves heating a mixture of spodumene and CaO, 
in a 1:3 ratio, in a vacuum of 0.01 mm at 1150°C, 
with the distillation and condensation of lithium 
oxide, Li,O, which dissolves in water to form LiOH. 
Finally there is the process of Kroll’ in which 
ground spodumene is mixed with CaCO, in a 1:0.2 
ratio and fired at high temperature, followed by 
leaching in an autoclave under pressure with vari- 
ous salt solutions, such as Na.SQO,. 

Strictly speaking, the reactions involved in these 
lime processes are probably not simple base ex- 
change reactions, in which calcium replaces lithium. 
Except in the process of Stauffer, it is doubtful if 
free Li,O is present after the sintering operation. It 
seems more likely that a lithium calcium silicate or 
aluminosilicate is formed, which on hydrolysis 
yields LiOH. In principle these methods are all at- 
tractive, in that the lithium compound first obtained 
on leaching is LiOH, which can be converted to 
other salts without the necessity of going through 
the carbonate stage. 

Miscellaneous Processes: Several processes have 
been proposed in which spodumene and sometimes 
amblygonite is mixed with CaCO, and either CaSO, 
or CaCl,, followed by heating. Sternberg, Hayes, 
and Williams® mix spodumene, CaCO;, and CaSO, 
in the weight ratios 1:1:0.6, heat to 1100°C for 2 to 
3 hr, and leach out lithium sulphate. Similarly 
Kalenowski and Runke” mix spodumene, or mix- 
tures of spodumene and amblygonite, with Ca(OH), 
and gypsum (CaSO,:2H.O) in the weight ratios of 
1:2:1, heat to 1050°C for 2 hr, and leach out lithium 
sulphate. The process of Sternberg, Hayes, and 
Williams was tried out on a plant scale by Lithium 
Corp. and found to be very difficult to operate. In 
the kiln heating operation, the lithium sulphate and 
the excess CaSO, present formed low melting mix- 
tures which caused serious problems. 

Fraas and Ralston” describe a method in which 
spodumene is mixed with CaCO, and CaCl,, fol- 
lowed by heating in a kiln to a temperature suffi- 
ciently high to volatilize LiCl, which is condensed 
and collected. This process has been tried on a large 
scale, but was not successful. 

Another process is that of Kepfer and Pfanstiel™ 
in which spodumene and CaCl, are mixed in a ratio 
of 3:1 to 1:1 and heated at 760° to 925°C for 2 hr, 
followed by leaching out lithium chloride. 

Finally there is the process of Erasmus“ in which 
spodumene ore (1.2 pct Li) is mixed with CaCl, in 
the weight ratio of 4:1 and heated under reduced 
pressure (2.5 to 5 mm) at 1050° to 1150°C for 3 to 5 
hr. The volatilized reaction products are condensed 
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and LiCl recovered (96.5 pet recovery) by alcohol 
extraction, 

Lithium Corp. Process: The process used at pres- 
ent by Lithium Corp. for the extraction of lithium 
from spodumene is that of Ellestad and Leute.” The 
first step in this method is the conversion of natural 
alpha-spodumene to beta-spodumene by heating in 
a kiln to about 1100°C. After grinding, the beta- 
spodumene is mixed with an excess of 66° Be sul- 
phuric acid and heated in a smaller kiln to about 
250°C, with a retention time of about 10 min at 
temperature. This results in a true exchange reac- 
tion, in which lithium ions in the beta-spodumene 
structure are replaced by hydrogen ions, with the 
formation of lithium sulphate, which is leached and 
separated from the ore residue. Details of these op- 
erations are given by Hader, Nielsen, and Herre.” 

Some of the advantages of this process are: 

1) It is not necessary to mix the ore with solid 
reagents. Adequate mixing with sulphuric acid is a 
much easier operation. 

2) Extreme fine grinding of the ore is not neces- 
sary. This follows from the fact that due to the 
porous nature of beta-spodumene, a relatively large 
particle will effectively absorb sulphuric acid. This 
is in contrast to most of the other processes, which 
are based on solid phase reactions requiring very 
fine grinding of both ore and reagent, as well as in- 
timate mixing, if maximum recovery is to result. 

3) Both the kiln operations used in this process 
require heating at temperature for only a relatively 
short time. In the first kiln operation, in which 
alpha-spodumene is converted to beta-spodumene, 
the inversion is practically instantaneous at 1100°C, 
and only a matter of minutes at 1075°C. Also, in 
the actual extraction operation, only a relatively 
low temperature of 250°C is needed, with retention 
time of only about 10 min at temperature. This is 
in contrast to most of the processes described. One 
advantage of this low reaction temperature is that 
fusion of lithium sulphate does not take place, thus 
eliminating one of the troubles of the process using 
a lime-gypsum roast. 

4) After the heating with sulphuric acid at 
250°C, no grinding is needed prior to leaching with 
water, unlike most of the other processes. 

5) Water leaching of the acid roast ore is rapid 
and is not affected by leaching with moderately 
strong lithium sulphate solutions. 

6) It is the authors’ opinion that proper utiliza- 
tion of this process results in an efficiency of lithium 
recovery not achieved by any of the other methods. 

7) It is also their opinion that this process is the 
only one that lends itself to efficient direct extrac- 
tion of lithium from low grade, run-of-mine ore. 

Chemical Plants at Minneapolis and at Bessemer 
City, N. C.: The Lithium Corp. of America Inc. 
chemical plant at Minneapolis was designed for the 
use of spodumene concentrates. These are chiefly 
flotation concentrates, although coarse ore concen- 
trated by either hand-picking or sink-float methods 
has been used. During the past year a considerable 
tonnage of petalite was also processed. 

The method of extraction used at Minneapolis is 
the sulphuric acid roast of beta-spodumene, follow- 
ing the patent of Ellestad and Leute referred to 
previously.” 

In brief, the first step is the conversion of natural 
alpha-spodumene to beta-spodumene in a kiln op- 
eration. Coarse ore is crushed to 1 to 2 in. size 
before being fed into the kiln, whereas flotation 
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concentrates are used directly. The kiln, 40 ft long 
and 4 ft ID, is lined with fire brick and gas-fired 
countercurrent to the flow of ore, rotating at about 
l rpm. The hot zone is at a temperature of 1050° to 
1100°C. Capacity is 2 tph of concentrate feed. After 
cooling in a rotary cooler the ore is ground in a Wil- 
liams mill. The ground ore is then mixed with 66° 
Be sulphuric acid, using approximately 40 pct ex- 
cess above the theoretical requirement. The ore is 
then fed into a small unlined rotary kiln, 26x3 ft, 
which is gas-fired concurrent to the ore flow. Dis- 
charge temperature is 250°C. The lithium sulphate 
from this operation is water-leached from the ore 
residue in air-agitated Pachuca tanks of 8000-gal 
capacity. Ground limestone is added to the ore slurry 
in the leach tanks to neutralize the excess sulphuric 
acid and to precipitate the small amount of soluble 
iron and aluminum salts present. The slurry is fil- 
tered and washed in a vacuum drum filter. The 
solids are discarded, and the filtrate, containing 
about 100 g per liter of lithium sulphate, is treated 
for removal of calcium, magnesium, iron, and alu- 
minum. The solution is concentrated by evapora- 
tion to about 200 g per liter of lithium sulphate. The 
primary product of lithium carbonate is produced 
by reaction of this solution with soda-ash. Owing 
to the appreciable solubility of lithium carbonate in 
the mother liquor, it is necessary to remove sodium 
sulphate from the lithium carbonate filtrate and re- 
turn the solution to the tank room system. 

The lithium recovery of the above process, when 
operating on spodumene concentrates of 4 to 5 pct 


Li,O, is about 85 pct. If this figure is coupled with 
a realistic figure of 60 pct for the recovery of lith- 
ium in flotation concentration, the result is an over- 
all efficiency of only 45 to 50 pct. In view of this, 
when Lithium Corp. investigated the utilization of 
its North Carolina ore holdings, attention was given 
to the possibility of using its sulphuric acid process 
directly on run of mine ore. Continuous large-scale 
tests have shown that an overall recovery of 80 pct 
is very feasible, in contrast with the 45 to 50 pct 
overall recovery when preconcentration methods 
coupled with chemical plant processing are utilized. 
As a result, the chemical plant at Bessemer City, 
N. C., treats run of mine ore direct without precon- 
centration. Except for capacity, and the use of more 
appropriate equipment for performing the unit 
steps in the process, especially with regard to the 
larger amount of material involved, the process at 
Bessemer City is essentially the same as that used 
at Minneapolis. 
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Errors in Underground Air Measurements 
Stefan Boshkov and Malcolm T. Wane 


HE validity and accuracy of velocity measure- 

ments underground have been questioned re- 
peatedly by those in mine ventilation work. The 
general disagreement on the subject is well illus- 
trated in an AIME publication.* Although the pres- 
ence of errors is readily admitted, their magnitudes 
are not known and often are described by practical 
operators merely as “great,” “small,” or “of no im- 
portance.” The belief that errors are of academic 
interest only prevails because of a justifiable claim 
that actual volumes of air circulated are well in 
excess of those required by law and safe mining 
practices. 

Poor understanding of the source and nature of 
errors inherent in velocity measurements, coupled 
with questionable determination of cross-sectional 
area, result in faulty techniques for the purpose of 
expediting ventilation surveys and render doubtful 
the calculated volume. Often consistency of read- 
ings is confused with accuracy. A succession of check 
readings showing a maximum deviation of 5 pet in 
the measured value of velocity usually signifies 
nothing more than diligent application of technique 
in a stable ventilating current. 


5. BOSHKOV, Member AIME, is Assistant Professor of Mining 
Engineering and M. T. WANE is Associate in Mining, School of 
Mines, Columbia University, N. Y. C. ] 

Discussion of this paper, TP 4124A, may be sent (2 copies) to 


AIME before Jan. 31, 1956. 
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Experimental wind tunnel for laboratory testing is shown above. 


This article discusses the errors involved in air 
measurements underground. Where instrument 
errors are presented, the treatment is confined solely 
to the rotating-vane anemometer, recognized as a 
most useful ventilation measurement tool because 
of its simple design and easy operation. In the fol- 
lowing pages a positive deviation is defined as one 
which has to be added to the registered air velocity 
to obtain the true air velocity. 
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BORE 


Sources of Error 


Errors affecting the accuracy of velocity 
readings may be classified as follows: 


A. Errors inherent in the instrument, a func- 
tion of its physical construction. 


B. Errors resulting from differing atmos- 
pheric conditions. 


C. Errors resulting from operator technique, 
which include: 


1. Instrument position and support: 
a. Instrument orientation. 
b. Operator proximity. 
c. Operator position. 


2. Surveying procedure: 
a. Location and preparation of section. 
b. Single readings. 


c. Multiple readings: continuous and 
intermittent traversing. 


Instrument Errors 


Translation of true air velocity into registered 
velocity in a rotating-vane anemometer is accom- 
plished through vanes, bearings, and gear assembly. 
This registered velocity is dependent on the mechani- 
cal efficiency of the system, which in turn is a func- 
tion of the frictional resistance of the bearings. The 
bearing friction may be expressed in the following 
form:” 

F = pW + pD [1] 


where F is the frictional resistance, W the weight of 
the moving parts of the anenometer, D the end thrust 
on the bearings resulting from the action of the 
wind force on the vanes, and p» the coefficient of 
bearing friction. 

If » is assumed to remain constant, the above 
equation reduces to 


F=a+6D [2] 


where a and b are constants that depend on the 
physical construction of the instrument. The manu- 
facturer’s calibration curve, Fig. 1, evaluates ex- 
perimentally the error resulting from changes of 
this frictional resistance with wind force, which in 
turn depends on true air velocity. Since bearing 
friction is contingent on the physical condition of 
the bearing, this error may be expected to vary with 
use and degree of instrument exposure to detri- 
mental dust and water. To correct for this change 
in the coefficient », the manufacturer recommends 
periodic recalibration against a standard. 


Effect of Atmospheric Conditions 


The calibration curve, Fig. 1, is obtained under 
some set of standard atmospheric conditions. The 
error incurred in neglecting changing atmospheric 
conditions has been analyzed.” A revised theoretical 
development as well as practical implications ensu- 
ing from it follow. 

The windmill-type anemometer consists of a series 
of flat plates whose aerodynamic force character- 
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Fig. 1—Typical manufacturer's calibration curve for rotating- 
yane anemometer. 


istics can be represented by a Joukowsky profile 
and evaluated by the formulas’ 


2 
Vio 


L=C,mle [3] 


pVro 


[4] 
where L and D are the net forces of lift and drag, 
acting on the vane surfaces perpendicular and par- 
allel to the wind direction, C,; and C, are coefficients 
of lift and drag, m represents the number of vanes, 
lt and c the vane dimensions, p the air density, and 
V,. the true air velocity. 

The resulting torque in the instrument, T,, in a 
steady state of air flow is then given by 


T. = Cimle [5] 


where r is the moment arm of the net lift force. 
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Fig. 2—Typical error resulting from density variations and its 
dependence on true velocity. 
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INSTRUMENT INCLINATION TO DIRECTION OF FLOW, DEGREES 


Fig. 3—Percent deviation ys instrument inclination to direc- 
tion of flow. 


If the density of the air changes from p, to p,, there 
will be a certain value of true air velocity Vr, such 
that the resulting torque T, will equal the torque T),. 
Therefore, it may be written 


C,mlcr Cimler [6] 
which may be reduced to 


Fig. 4—Velocity components in the vicinity of a cylinder. 


It has been shown that for the same instrument 
the functional relationship between the registered 
velocity and true velocity is such that the following 


ratio exists: 
Vio Pr 
— — A [8] 
Vas Vn Po 


A reference to Fig. 1 clearly shows that if low air 
velocities are neglected, the calibration curve may 
be expressed as a linear equation, viz., 


Vio = Al Vio + B [9] 


where A and B are constants depending on air density 
at calibration. 

Different calibration curves exist for other air 
densities, giving rise to a family of curves. By use 
of Eqs. 8 and 9 it may be shown that each curve in 
the family has the same slope, i.e., 


A 
and that the intercepts, B, are given by 


[10] 


Pi 


Fig. 2 shows graphically the error resulting from 
density variations and its dependence on the true 
air velocity. 


Operator Technique and Survey Accuracy 


The errors resulting from operator technique are 
probably the least understood and most difficult to 
evaluate. Although these errors lend themselves to 
theoretical analysis, most of them defy quantitative 
evaluation and must be determined experimentally. 

Instrument Orientation: Errors resulting from 
instrument orientation were ascertained by labora- 
tory testing in a wind tunnel. A new MSA 3-in. 
diam rotating-vane anemometer was tested. The 
true air velocity was varied by an orifice at the fan 
outlet. A continuous reading hot wire anemometer 
was used as an indicator of stability of air flow. 
Individual readings were taken at different instru- 
ment orientations over a 2-min interval. The re- 
sults summarized in Fig. 3 represent the mean of 
at least two readings, with a maximum deviation of 
0.3 pet. The test work indicates: 1) that inclination 
up to about 20° does not affect the registered velocity, 
and 2) that this error appears to be independent of 
the magnitude of the true air velocity. 
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It may be concluded that this error may be dis- 
regarded if velocity measurements are determined 
with diligence. Fig. 3 shows the effect of rotating 
the instrument clockwise. Counterclockwise rota- 
tion altered the readings slightly, with the excep- 
tion of the 80° and 90° readings, where physical 
construction of the instrument caused reversal of 
vane rotation. Deviations in this case did not occur 
until the inclination was greater than 15°. 

Operator Proximity: Errors in velocity measure- 
ments resulting from operator proximity can be 
analyzed theoretically and have been determined 
within certain velocity ranges under controlled test 
conditions underground.‘ A theoretical analysis using 
the laws of fluid flow is limited to expressing solu- 
tions for velocity and pressure distribution around 
mathematically describable bodies. The theoretical 
approach is based on the assumption of irrotational 
flow in which friction plays a minor role and high 
values of Reynold’s number prevail. The human 
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Fig. 5—Deyviation from true velocity vs operator proximity. 


body may be approximated by the ideal form of the 
cylinder, for which the two dimensional solution is 
given below: 


2 


V.=V,cos@(1 + 


) [11] 


2 


V,=Vrsiné(1 + 


) [12] 


where, as shown in Fig. 4, Vz is the true air velocity, 
V, and V, are the radial and tangential components 
at P, and @, R, and r are defined in the sketch. 

Eqs. 11 and 12 may be solved for V, and V,, the 
velocity components parallel and perpendicular to 
the drift axis. 


[cos’ 6(7° — R’) + sin? + R’)] [13] 
[14] 


V, is the velocity causing rotation in the anemo- 


V.= 
r’ 


V, = 2V,sin 6 cos 6 


if 


UV 


te} 


s 
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Fig. 7—Dependence of deviation from true velocity on op- 
erator proximity. (Operator at side of instrument). 


meter. Since V, equals zero only if 6 = 0° or 6 = 
90°, theory indicates that velocity measurements 
should be made only with the anemometer along 
the x or y axes, if the component of velocity per- 
pendicular to the direction of interest is to be elim- 
inated. 

Assuming that the operator is represented by a 
1.5-ft diam cylinder, that the anemometer is held 
directly in front of the operator, and that the true 
air velocity is unity, Eg. 13 furnishes the relation- 


ship 


as a function of r, the distance between 


operator and anemometer. Curve A in Fig. 5 is ob- 
tained by this procedure. A comparison of curves 
B and C, derived from field data, with curve A shows 
conclusively that experimental results follow theo- 
retical prediction. 


In the preceding illustration, all values of 


are 
T 

less than unity. Similarly, it can be shown that 

when the anemometer is held along the y-axis, the 

above ratio is greater than unity. 

The theory of irrotational fluid flow fails when fluid 
turbulence is considered. The flow pattern around 
the body is then a function of body boundary form 
and roughness size and geometry, as well as Rey- 
nold’s number. Discontinuities of flow originate at 
the body boundaries. At some critical velocity of 
approach the points of origin of these discontinuities 


R= 162,500 
BOUNDARY LAYER LAMINAR 


IRROTATIONAL FLOW R= 435,000 


BOUNDARY LAYER TURBULENT 


Fig. 6—The flow pattern around the body is a function of boundary form and roughness size and geometry, as well as Reynold’s 
number. Discontinuities of flow originate at boundaries. 
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Fig. 8—True velocity profiles at a door section in 
an 8x12-ft mine drift. Hot wire anemometer meas- 
urements clearly indicate that a center reading ob- 
tained in this section will render an erroneous re- 
sult. 
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suddenly jump from the upstream to the down- 
stream side of the body, Fig. 6. Since at higher 
velocities the fluid tends to adhere closer to the 
body, the effect of velocity disturbances along lines 
perpendicular to the direction of flow is greatly re- 
duced. 

Operator Position: This change is clearly ex- 
hibited by the experimental curves shown in Fig. 7. 
These curves indicate that good practice should call 
for a minimum distance of at least 3 ft between 
operator and anemometer. At present, rules of thumb 
are used to compensate for errors resulting from 
operator proximity. To the authors’ knowledge, 
none of these recognizes the influence of the mag- 
nitude of the true air velocity on the resulting error, 
or the influence of the anemometer location with 
respect to the operator. One such rule calls for sub- 
traction of 4 sq ft from the gross area. In a 6x8-ft 
section this effects a correction of about 8 pct; in an 
8x10-ft section, a correction of 5 pct. Present knowl- 
edge cannot justify blind use of this rule. 


Surveying Procedure 


The ultimate goal in underground air measure- 
ment is determination of air volumes, which re- 
quires specification of two quantities: area and 
average velocity. Mine openings are seldom of cross- 
sections that can be easily ascertained; wall irregu- 
larities, artificial support, chutes, and other obstruc- 
tions interfere with correct evaluation. A high de- 
gree of accuracy in area determination demands 
special preparation of section, such as concreting or 
planking. This creates a permanent station and 
effects reliability of measurements. Expediency and 
section preparation costs often lead to choice of 
existing doors or regulator openings as convenient 
locations for air measurements. The behavior of the 
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air current at such places should be understood be- 
fore a dependable procedure can be evolved and 
reliable results obtained. 

Location of Section: A door or regulator opening 
is an orifice. Therefore, the velocity distribution 
across these sections depends on such factors as the 
true air velocity, proximity of opening to the ribs, 
roof, and floor, and sharpness of the orifice bound- 
ary. The velocity measurements, Fig. 8, with a hot 
wire anemometer in a door section clearly indicate 
that a center reading obtained in this section will 
render an erroneous result. 

Single Vs Multiple Readings: There are, in gen- 
eral, two procedures for determining velocity at a 
section: a single reading, usually made at the geo- 
metric center of the section, or multiple readings, 
i.e., traversing of the section, either in a continuous 
or intermittent manner. Single readings are em- 
ployed in everyday work as spot checks on air cir- 
culation and are important to the ventilation engi- 
neer when compared on a day-to-day basis. The 
value of velocity obtained in such cases is presumed 
to be high and a correction is normally applied. The 
average velocity is assumed to be 0.8 to 0.85 of the 
registered velocity. A reference to Fig. 8 shows the 
possible error involved in using this method in com- 
bination with a poor choice of section. In addition, 
the validity of the correction factor is questionable. 

The value of this factor depends on the shape of 
the velocity distribution curve, which in turn is re- 
lated to Reynold’s number and to wall roughness. 
Typical velocity curves in relation to Reynold’s 
number are shown in Fig. 9(a). Using the British 
Engineering system of units, a Reynold’s number of 
2000 defines the upper limit of the laminar flow 
region in which the velocity curve is parabolic and 
independent of wall roughness. This parabolic dis- 
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Table |. V,,,/Vna. for Various Wall 


Roughnesses 


Radius of mine opening: 


Ton at 5 5 =) 
Wall roughness size: 
e, ft 1 0:005 


Velocity ratio: 
0.694 0.725 0.802 0.845 


avg / max 


avg 


= 0.5 


tribution of velocity defines a ratio 


mar 


where Vn, is the corrected registered velocity. For 
Reynold’s numbers above 2000 turbulent flow pre- 
vails and the velocity curve assumes a hyperbolic 
or logarithmic distribution. 

The velocity distribution curve depends on wall 


avg : 
1S 


roughness size and geometry; the ratio 


max 


therefore a function of the friction factor, Fig. 9(b). 
The inter-relationship of these factors, investigated 
and defined by von Karman and Prandtl,’ is given 
below: 


= 1.43\/f + 1 


15 
[15] 


To 


ih 
—— = 2 108 + 1.74 [16] 


Vi 
where f is the friction factor, 7, the radius of the 
conduit, e the equivalent roughness size, and 1.74 
a constant embodying shape. This constant does not 
change appreciably, being 0.88 for very wide open 
channels. 

Assuming the above expressions to be true for 
square and rectangular sections, such as mine open- 
ings, the relationship between V,,, and Vine for 
varying wall roughness is given in Table I. 

The tabulated results indicate that the factor 0.80 
is based on a wall roughness of about 0.5 in. in a 
10x10-ft drift. This factor cannot be expected to 
apply to the average mine opening. A factor of 
0.70 to 0.73 may give a better estimate of average 
velocity in the usual mine opening. For a closely 
timbered section the value may approach 0.8. 

Traverse Method: Errors inherent in the previous 
method of velocity measurement may be partially 
eliminated by using the traverse method. Travers- 
ing may be continuous or intermittent. 

Consistency requires that traversing be done in a 
prepared section so that both velocity and area de- 
terminations may have equal dependability. The 
intermittent method of traversing involves evalua- 
tion of the mean of a number of individual velocity 
readings taken at the centers of subdivisions of the 
area of the mine opening. The accuracy of this mean 
is a function of the number of the subdivisions of 
area as well as the time interval of recording indi- 
vidual readings. The alternate method of traversing 
involves continuous surveying across the conduit 
section, due precautions being taken to insure a 
steady rate of instrument travel and a representa- 
tive integration over the area of the section. Ac- 
curacy, by this method, is a function of the rate of 
instrument travel and the number and spacing of 
individual instrument swings. 
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Instrument Acceleration and Deceleration: De- 
pendence of accuracy on the time interval over 
which individual readings are taken brings into con- 
sideration the error resulting from instrument accel- 
erations and decelerations. To ascertain the mag- 
nitude of such errors laboratory tests were run. 
Preliminary tests revealed that a 2-min interval of 
velocity registration could be adopted as a base for 
comparison, since velocity readings taken over in- 
tervals in excess of 2 min did not deviate from the 
2-min reading. Tests were run varying true air 
velocity and time interval of registration. Results 
are summarized in Fig. 10, where individual points 
represent averages of two to six individual readings. 
The test work indicates: 1) The deviations are nega- 
tive, i.e., the registered velocities at shorter time 
intervals are higher than the registered velocity 
taken over a 2-min interval. 2) This error, for prac- 
tical purposes, appears to be independent of the 
magnitude of the true air velocity. 

The fact that resulting deviations are negative 
may be explained by reference to the physical con- 
struction of the instrument. The moving parts of the 
vane anemometer consist basically of two assem- 
blies: the vane assembly and the gear-and-recording 
assembly. The registered velocity is a function of 
the behavior of the coupled system. Before record- 
ing is started, the instrument is held in the air 
stream with the gear assembly disengaged and the 
vane assembly rotating at an angular velocity in 
excess of the one corresponding to the registered 
velocity. Coupling of the two systems causes accel- 
eration of the gear assembly and deceleration of the 
vane assembly. The inertia of the gear assembly is 
of a lower order of magnitude than that of the vane 
assembly. The ensuing large momentum impulse 
delivered by the vane assembly causes the latter to 
reach an angular velocity in excess of the one cor- 
responding to the true air velocity. The period of 
adjustment depends on the relative inertias of the 
two assemblies and results in a deviation. This de- 
viation loses significance as the time interval of reg- 
istration increases. Fig. 10 is of value in suggesting 
that velocity readings at a point should not be taken 
over a period shorter than 20 sec, if the error is to 
be kept below 2 to 3 pct, and that accuracy demands 
a period in excess of % min. 

Continuous Traversing: The curve in Fig. 10 does 
not exemplify the behavior of the instrument in the 
case of continuous traversing, where the two mov- 
ing assemblies are coupled to each other while trav- 
ersing takes places. The error in the reading will be 
a function of the response of the coupled systems to 
the rate of velocity change across the path of instru- 
ment travel. This behavior is exceedingly difficult 
to determine experimentally. In the authors’ opin- 
ion, however, it is safe to assume that the order of 
magnitude of such deviations will be comparable, 
although of opposite sign, to those determined ex- 
perimentally. 
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Fig. 9—Typical velocity distribution curves as a function of 
Reynold’s number R and wall roughness. 
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An estimate of errors of instrument acceleration 
and deceleration in continuous traversing may be 
determined by assuming that measurements are 
made in a specially prepared concreted section 
where the velocity distribution curve is as shown in 
Fig. 9 (R>2000). The errors may be attributed to 
the initial impulse when the moving parts are 
coupled at the start of the traverse and the subse- 
quent response of the coupled system to velocity 
variations in the path of instrument travel. The 
error due to initial impulse may be neglected if the 
total time of traversing is greater than 1 min. If 
maximum velocity in the drift is 600 fpm, minimum 
velocity may measure an estimated 450 fpm. If the 
swing is made across the transverse center line of 
the drift in a 42-min interval, the instrument is ex- 
posed, in 15 sec, to a velocity variation of 150 fpm. 
The error may then be estimated from Fig. 10 to be 
about 3 pct or 1500.03=4.5 fpm. Using a ratio of 

Vises 


ors 
be 600X0.85=510 fpm. The percent error in the 


= 0.85, the average velocity in the drift will 


average velocity will then be ah 


x 100 < 1 pet. 


Normally mine openings exhibit wall roughness of 
¥% to 1 ft. Such protrusions create numerous eddies 
and nonparallel flow along the boundaries, rendering 
velocity measurements in their vicinity of no value. 
Continuous traversing should be employed only in 
specially prepared sections. 


Results and Conclusions 

The results of the foregoing investigations and 
studies may be summarized as follows: 

1) The manufacturer’s calibration curve or chart 
accounts for the velocity deviations caused by the 
difference in response of the anemometer mechanism 
to varying true air velocities. These deviations may 
be positive or negative and vary with the physical 
condition of the instrument, necessitating occasional 
recalibration. 

2) Deviations resulting from changes in atmos- 
pheric conditions increase with increasing density 
ratio and decrease with increasing true air velocity. 
They may be positive or negative and are, in gen- 
eral, insignificant. 

3) For practical purposes, deviations resulting 
from anemometer inclination appear to be inde- 
pendent of true air velocity. They are always posi- 
tive and may be neglected for instrument rotations 
up to 20°. Diligent procedure will eliminate errors 
from this cause. 

4) Operator proximity to the anemometer gives 
rise to deviations which vary inversely with true air 
velocity and operator proximity. Good practice calls 
for a minimum distance of 3 to 4 ft between operator 
and instrument. 

5) The nature of the deviations resulting from 
operator proximity are specified by operator position 
with respect to the anemometer. Theory indicates 
that velocity measurements should be made pref- 
erably with the instrument in one of two definite 
positions. with respect to the operator: directly in 
front, the resulting deviations being positive, and 
directly to the side, the resulting deviations being 
negative. 

6) Practical rules of thumb used to compensate 
for deviations resulting from operator proximity 
are, in general, not effective solutions to the prob- 
lem. They do not distinguish the dependence of such 
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Fig. 10—Percent deviation from 2-min reading ys time of 
registration. 


deviation on the magnitude of the true air velocity 
and on operator position. 

7) A door, regulator opening, or other orifice- 
type sections are poor choices of location if a single- 
reading determination of velocity is made and ve- 
locity distribution is unknown. 

8) The correction factor normally applied to the 
single center-reading of velocity, to reduce it to a 
value of average velocity at the section, is a function 
of Reynold’s number and the wall roughness size. 
Factors of 0.8 to 0.85 are seldom applicable to the 
common mine opening. 

9) For practical purposes, the deviations result- 
ing from anemometer accelerations and decelera- 
tions are independent of the magnitude of the true 
air velocity. It appears that good practice should 
require a minimum of 4% min for registration. 

10) The response of the instrument tested indi- 
cated negative deviations in the case of intermittent 
surveys. It may be shown that if continuous trav- 
ersing is employed in a specially prepared section 
and ample time for registration is allowed, devia- 
tions resulting from instrument acceleration and de- 
celeration are insignificant. 
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Uses and Limitations 


Of the Airborne Magnetic Gradiometer 


by Milton Glicken 


HE airborne geophysicist is a busy man these 

days. In his plane he may have the airborne 
magnetometer, the airborne scintillation counter, 
and the airborne electromagnetic surveying system. 
Each of these is an independent tool, but all require 
additional auxiliary equipment for locating the air- 
craft in space: recording altimeters and Shoran or 
aerial cameras. Now there is still another piece of 
equipment, the airborne magnetic gradiometer, an 
accessory to the magnetometer. To understand its 
uses, consider the function of the magnetometer 
itself. 

Aside from detecting magnetic ore, the airborne 
magnetometer finds greatest use in spotting intru- 
sions of igneous material. Where there is enough 
contrast in magnetic susceptibility of igneous rock 
and adjacent formations, it outlines the intrusion. 
Certain minerals also influence the magnetometer 
directly, but with the exception of magnetite and 
possibly one or two others, their effect is weak and 
can be detected only when there is sufficient ore and 
the magnetometer flight passes very close to it. 

An igneous intrusion of infinite depth with verti- 
cal sides is represented on a magnetometer record 
by an anomaly, as in Fig. 1. Amplitude of the high 
depends on susceptibility contrast of the igneous 
rock. Generally speaking, the edge of the intrusion 
lies below the point of inflection of the curve, and 
this point, where the curvature changes from posi- 
tive to negative on the magnetometer profile, would 
be near A in Fig. 1, with a counterpart, of course, on 
the other side. Location of the contact is one of the 
principal objects of the survey, but finding the pre- 
cise point is not always easy, as inspection of the 
curve near A will show. 

Mineralization is often found at the contact zones, 
as at B. Magnetic effects, if detected, may be small, 
as in B’, and when superimposed on the anomaly 
due to the instrusion they are very difficult to dis- 
cern and analyze. Furthermore, if these small fluc- 
tuations are to be perceived by the magnetometer 
the vertical scale should be large. This increases the 
slopes of the anomaly and makes detection of small 
deviations and inflection points even more difficult. 

The airborne magnetic gradiometer was designed 
to help overcome these difficulties. What it presents 
is the first derivative of the magnetometer record 
with respect to time, that is to say, the slope at any 
point. Fig. 2 represents an actual magnetometer rec- 
ord (solid line) with the corresponding gradiometer 
record (dashed line) superimposed. Both records 
read from right to left. Vertical lines on the original 
magnetometer record are automatic steps designed 
to keep the pen from going off scale. The slope of 
any curve is greatest at the point of inflection or 
point where the curvature changes sign, and this 
point is a maximum (or minimum) on the gradi- 
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Fig 1—Typical magnetic anomaly due to orebody, showing 
point of inflection somewhere near A and magnetic effect 
B’ of mineralized zone at B. 


ometer. The chief advantage of the gradiometer is 
that maxima or minima are much easier to see and 
to locate precisely; hence an accurate location for 
the point of inflection can easily be found. Note that 
points C and D are more sharply defined than C’ 
and D’. 

Similarly the small fluctuations of the original 
record, so important to the interpreter, are far more 
clearly shown at E, F, and G, than on the original 
record at E’, F’, and G’. Though not necessarily highs 
and lows on the gradiometer, they do show up 
clearly what would take a painstaking analysis to 
detect on the original magnetometer record. 

Will the gradiometer have a particular configura- 
tion which indicates an orebody? Not necessarily. 
The total intensity curve, or original magnetometer 
record, can display an orebody in various ways, de- 
pending on dimensions, orientation, latitude, and 
composition, as well as on direction, flight height, 
and instrumental sensitivity of the traverse. Where 
the total intensity can take on so many different 
shapes the gradiometer must vary too. It is generally 
recognized that interpretation of total intensity mag- 
netometer records requires an expert analysis; the 
gradiometer can be of considerable assistance to the 
expert but it does not replace him. 

Mechanism of the gradiometer is simple. A Leeds 
& Northrup recorder in the aircraft records the 
magnetic gradient simultaneously with the total 
intensity, which is on another recorder. Fiducial 
marks are put on both records simultaneously and 
the speed of the paper through the recorders is kept 
the same on both. This makes it possible to place 
one record over the other for direct comparison. 

In the laboratory the flights are positioned on a 
map. Maximum and minimum points on the gradi- 
ometer, which can then be posted on the map at 
their proper locations, may be expected to fall along 
a trend crossing the direction of flight. Trends 
should indicate the edge of an intrusion, or some 
other important features, and when superimposed 
on the total intensity contour map help greatly to 
locate the points of inflection, or line of zero 
curvature. 
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Fig. 2—Sample total intensity magnetometer record (solid 
line) and corresponding gradiometer record (dashed line). 


It might logically be asked whether a contour map 
of the gradiometer readings would be of value. It 
is common practice, of course, to draw a contour 
map of total intensity readings from the original 
magnetometer records. The contours then make it 
possible to examine a section in any direction—not 
necessarily the direction of flight—and obtain in- 
formation about the magnetic field in that direction, 
giving a profile equivalent to that which would re- 
sult from a flight having been made there. The 
gradiometer, however, gives the slope of the total 
intensity record in the direction of flight only. 
Therefore a cross-section through a gradiometer 
contour map in a direction other than that of the 
line of flight would have no physical significance. 

This point brings up another. It has been sug- 
gested that a first derivative of the gradiometer 
record itself would yield what might be called a 
second derivative and that this could replace the 
present second derivative or curvature maps which 
are laboriously computed in the laboratory. How- 
ever, the same shortcoming would apply, that is, the 
standard curvature map results from examining the 
neighborhood of every point on the map and there- 
fore results in a contour map which represents the 
true curvature of the potential surface. The elec- 


tronically derived second derivative, made in flight, 
necessarily represents the curvature in the direction 
of flight only and is therefore not the same. 

Fig. 3 illustrates two precautions to be taken in 
analyzing gradiometer records. Curves H and J are 
total intensity magnetometer records over the same 
anomalous structure, but flight H was made at a 
slower ground speed than J. Inasmuch as the speed 
of the paper through the recorder was the same on 
both, the anomaly was spread out over a longer 
time interval on H than on J. But note that at any 
given point on the ground the total intensity read- 
ings would be the same on both flights. Now con- 
sider H’ and J’, the respective gradiometer records; 
the maximum slope on J was greater than the maxi- 
mum on H; therefore the amplitude of the maximum 
point on J’ will be greater than that on H’, although 
the ground location will of course be unaltered. 
Obviously it is unwise to draw any inferences from 
the size of the peaks on the gradiometer records 
unless some correction is made for ground speed. 
All this, of course, is due to the fact that the gradi- 
ometer records the first derivative with respect to 
time, rather than to distance, but the readings could 
be restored to a common datum by multiplying by 
the reciprocal of the ground speed of the aircraft. 

Fig. 3 illustrates one more interesting precaution. 
K and L are total intensity records flown in oppo- 
site directions over the same anomalous situation, 
one westbound and the other eastbound. K’ and L’ 
are their respective gradiometer records, one show- 
ing a minimum and the other a maximum. To elim- 
inate the effect of the reverse direction multiply one 
of them by —1. This correction could be incorpo- 
rated in the previous one by applying an appro- 
priate sign to the ground speed of the aircraft. 

These corrections to the gradiometer record which 
must be made because the record is on a time scale 
could possibly be avoided, along with the cost of 
additional aircraft installation and instrumentation, 
by having a derivative curve made up in the labora- 
tory by clerical means. But the advantages of hav- 
ing a continuous, complete record, free of human 
errors, available as soon as the aircraft lands, out- 
weigh the disadvantages. 

Use of the gradiometer is shown by three profiles, 
Fig. 4, across the Short Line orebody, an open pit 


Fig. 3—A magnetic anomaly, (H), compressed laterally when 
flown faster (J), will give gradiometer curves of different 
amplitudes (H’ and J’). When flown in opposite directions 
(K and L) the gradiometer records will be reversed in sign 
(K’ and L’). 


TRANSACTIONS AIME 


FLIGHT ELEVATIONS 
ABOVE GROUND 


5,650. FX 
1, 


Fig. 4—Three total intensity magnetic profiles over the Short 
Line orebody, Utah. The magnetite itself, drawn to scale, 
is indicated by the arrow. 
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Fig. 5—Simplified geology of 
vicinity of Short Line orebody. 
Tqm is quartz monzonite. Diag- 
onal shading represents mag- 
netite. Long dashed lines show 
postulated location of edge of 
intrusion, based on the mag- 
netometer and  gradiometer 
records. 


magnetite mine in southwestern Utah operated by 
Columbia-Geneva Steel Co. The three magnetome- 
ter records were flown at 500, 1000, and 1650 ft, 
respectively, and the orebody itself is shown at the 
end of the arrow in a size relative to the scale of the 
total intensity records. It is obvious that the major 
anomaly in the two upper profiles could not come 
from the orebody itself; it is probably caused by 
association of the orebody with an intrusion of 
quartz monzonite. The problem is to define the edge 
of the intrusion. 

From ground magnetometer surveys run by Cook 
during 1944 and 1945, there seemed to be a small 
magnetic low on the ground, and this has been sup- 
posed to indicate the edge of the intrusion. On the 
lowest magnetometer record an indication of this 
magnetic low may be seen at point M on the flank 
of the large anomaly. But inspection of the gradi- 
ometer records for these three flights clearly shows 
that the points of inflection are at P, P’, and P” and 
at Q, Q’, and Q”. The flight at lowest level has sev- 
eral other critical points, but at the moment only P 
and @ need be considered. The crest of the major 
anomaly is indicated by R, R’, and R”. 

On a plan view of the area, Fig. 5, the three pro- 
files lie not quite directly over each other and their 
paths are shown. The quartz monzonite is repre- 
sented by stippling, while the magnetite is shown 
by diagonal shading. J. Hoover Mackin, whose geo- 
logic map has been used for this figure, has postu- 
lated the faults that bound the intrusion to be shown 
by the short dashed lines, but it is reasonable to 
assume that they might be at the long dashed lines, 
going through the points of inflection of the large 
magnetic anomaly. Thus the gradiometer has assist- 
ed in giving the probable location of the edge of the 
intrusion, and therefore the zone of greatest interest. 

Fig. 6 shows local anomalies on the lowest-level 
profile, which is enlarged in horizontal scale, with a 
geologic section underneath. Symbols for magnetite 
and quartz are the same as on Fig. 5, and the gradi- 
ometer record is superimposed as a dashed line. 
Point R corresponds to the maximum point on the 
other two magnetometer profiles. Point S might 
very well be due to the orebody itself. The large 
amplitude could be due to high susceptibility con- 
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trast or to a large mass of material, but the absence 
of this anomaly 500 ft higher indicates that it comes 
from something small and close to the surface, hence 
the conclusion that it is probably due to suscepti- 
bility contrast. Anomaly T could very well be worth 


GAMMAS 


200; 


‘SOF 


ele) 


Qoal 


1000 2000 FT 


Fig. 6—Lowest of the three magnetometer profiles and its 
corresponding gradiometer record. Anomaly T suggests fur- 
ther geologic study; its point of inflection is at U. 


further investigation. As an aid in such investiga- 
tion, location of the point of inflection of this anom- 
aly has been determined from the gradiometer 
record and is shown at U. 

To summarize, although the gradiometer is not 
an independent instrument and is limited in quanti- 
tative applications, it helps the interpreter locate 
and study contact metamorphic deposits and certain 
types of anomalies commonly encountered in min- 
ing. It is worth consideration in planning a mag- 
netometer survey. 
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The Inductive Electromagnetic Method 


Applied to lron Exploration 


by Stanley H. Ward, Gerald J. Anderson, E. Richard Randolph, 


and Rolland L. Blake 


URING the last 30 years the inductive electro- 

magnetic method has been used chiefly in the 
search for massive sulphide mineralization. This 
application has met with varying degrees of success 
and in recent years has resulted in discovery of sev- 
eral large orebodies. Little has been written con- 
cerning its use in exploration for soft iron ores, but 
one of the present authors has reported on experi- 
ments with massive magnetic deposits.* 

To augment the exploration tools available to 
geologists in delineating iron orebodies, Cleveland- 
Cliffs Iron Co. and McPhar Geophysics Ltd. under- 
took in 1953 to apply the inductive electromagnetic 
method to Cleveland-Cliffs properties in the Lake 
Superior region. As a result of this project, equip- 
ment has been developed that enables simultaneous 
transmission of two audio frequency waves, and the 
field technique and interpretative procedure in- 
volved have furthered exploration in the district 
significantly. 

Thus far, inductive electromagnetic application 
in the Lake Superior region has been only a devel- 
opment tool, that is, it is used to locate obscured 
contacts and faults as a part of property expansion 
and development. However, its application to pri- 
mary reconnaissance of unexplored areas may be 
feasible in the future. 

The method has assisted in placing drillholes effi- 
ciently, and the elimination of excess drilling foot- 
ages and/or actual elimination of unnecessary holes 
has amply justified the expense of the geophysical 
survey. 

Cost of the field work involved is comparable on 
a per station basis to the cost of a magnetometer or 
superdip survey. Since observations require no re- 
duction, i.e., are directly interpretable, overall ex- 
penditure is low, and the scope and detail of the 
survey can be adjusted in the field as geological- 
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geophysical correlation becomes evident. To a great 
extent, this eliminates the second-guessing so com- 
monly arising after office calculations are completed 
on data obtained with other types of geophysical 
surveys. This unique feature of field interpretation 
and its associated intimate feel of the project area, 
is, perhaps, one of the most valuable aspects of the 
inductive electromagnetic method as applied to iron 
ore exploration. 


Basis of Method 

Fundamentally, the method involves transmission 
of an alternating electromagnetic wave, of a chosen 
audio frequency, which permeates the ground ma- 
terials in the vicinity of a transmitting, or primary, 
coil, see Fig. 1. This wave, or field, induces an elec- 
tric current in any conductor on which it is incident. 
The flow of an alternating current in a conductor 
sets up its own, or secondary, radiating electromag- 
netic field. These two fields form a resultant whose 
configuration depends on the following characteris- 
tics of the subsurface conductors: 1) size, 2) shape, 
3) electrical conductivity, 4) magnetic permeabil- 
ity, and 5) frequency of the transmitted wave. To 
a lesser extent the resultant is also dependent on 
material adjacent to the conductor, topography, and 
surface conductivity. For illustrative purposes, the 
primary, secondary, and resultant fields‘ may be 
represented by vectors. In operation, the direction 
of the resultant vector is measured by a small re- 
ceiving coil tuned to the frequency of the trans- 
mitted wave. 

Generally speaking, the method can be compared 
to the transmission and reception of the familiar 
radio broadcast, with special variations permitting 
measurement of the effect on reception of interven- 
ing materials. 

Field Technique 

Mechanics of field operation are simple. The mast 
is set up in a vertical position and is then guyed in 
place. The transmitting loop then is raised by 
means of a sheave at the top of the mast and the 
coil connected to the motor-generator. A _ special 
plane table is clamped into position on the mast and 
the loop is plumbed. The plane table is oriented 
according to a grid system established over the pro- 
ject area. By means of this plane table it is possible 
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Fig. 1—Fundamentally, the inductive electromagnetic method 
is the transmission of an alternating electromagnetic wave, 
of a chosen audio frequency, which permeates the ground 
materials in the vicinity of a transmitting, or primary coil. 
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Fig. 2—An illustration of dip angle and a hypothetical dip 
angle profile. 
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to orient the loop until its plane is directed towards 
the position of the receiver. 

The receiver operator carries the lightweight re- 
ceiving coil, the amplifier, and the headset between 
stations on the traverse lines. A pendulum clino- 
meter mounted on the face of the receiving coil in- 
dicates the angle of inclination of the coil to the 
horizontal. When no conductors are present and 
the plane of the receiving coil is held horizontally, 
no signal is heard. If the coil is held in any other 
position a note is heard. Should a conductor be 
present, it will be found that the position of zero 
noise in the earphones is obtained when the coil is 
at some angle to the horizontal other than zero. This 
angle of inclination is recorded for each station of 
observation. Because two frequencies are trans- 
mitted simultaneously, the operator selectively re- 
ceives one and then the other merely by turning a 
switch. 

Fig. 2 illustrates dip angles and a hypothetical dip 
angle profile. Typical profiles obtained over iron 
formation are shown in Fig. 3, plotted with their re- 
spective traverse lines as the abscissa. The common 
position of the transmitting coil relative to the tra- 
verse lines is also shown. 

Some sort of survey control is necessary so that 
the man operating the transmitter can readily spot 
the location of the receiver on the plane table to an 
accuracy of 10 to 20 ft, and so orient the transmit- 
ting coil until its plane is directed toward the loca- 
tion of the receiver. Commonly, picketed traverse 
lines chained from a base line are used for this. 

The two-man field party must be coordinated so 
that at the time of each reading the transmitter 
operator knows the location of the receiver opera- 
tor, see Fig. 4. This is accomplished by hand, voice, 
or radio signals, or a pre-arranged system of time 
schedules. The most efficient system will depend on 
particular conditions of each survey. Seldom can 
the two operators see each other. 

The simple design of the apparatus provides low 
inaintenance cost, if reasonable care is used in han- 
dling. In a good working day the two-man crew 
can obtain readings at more than 100 stations. This 
figure compares favorably with the amount of data 
obtained from any other geophysical method. 


Examples and Interpretations 


The inductive electromagnetic method has been 
applied to iron ore exploration on the Marquette and 
Menominee ranges in Michigan and on the Mesabi 
and Vermilion ranges in Minnesota. Although some 
of this work was brief and all of it experimental, 
successful application to the hard and soft iron 
formations can be reported at this time. 

Marquette Range, Bijiki Iron Formation: Ores of 
the Bijiki iron formation are a hard and soft goethite 
in a horizon about 150 ft thick and dipping 30° to 
the south, see Fig. 5. The oxidized portion is often 
contained within unoxidized edges of varying thick- 
ness. The ledge outcrop averages 200 ft in width 
and is uniformly covered with glacial drift about 
30 ft deep. The footwall and hangingwall are a 
nearly similar graphitic, pyritic argillite. The strike 
of the iron formation at ledge is generally NW-SE, 
but varies considerably. 

Traverses were made across both stripped and 
virgin sections of iron formation. The transmitter 
was set up near one edge of the known formation, 
and traverse lines were run perpendicular to the 
strike of the formation at 400-ft intervals. Fig. 5 
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shows a typical curve produced from a traverse over 
the stripped area. 

Under the system of presentation of data shown 
in Fig. 3, a conductor is indicated at the point where 
the sign of the dip angles reverses from plus to 
minus, or where an inflection point in the dip angle 
profile is interpreted as being significant. Thus on 
Fig. 5 the dip angle sign reversals, marked with a 
short solid line, occur over the contacts of the con- 
centratable ore as shown by stripping. Further in- 
vestigation disclosed sulphides along the footwall 
contact, and porous, water-saturated material along 
the hangingwall which may constitute the conduc- 
tors indicated by the inductive electromagnetic 
method survey. 

There is also a point of inflection (marked with a 
short dashed line) above the contact between the 
unoxidized iron formation and the graphitic argil- 
lite. The effect of the choice of the transmitter loca- 
tion is very well illustrated in Fig. 5. Note that 
the 1500-cycle curves do not complete a normal re- 
versal of sign except over the contacts nearest their 
respective transmitter locations. In general, the 
closer the transmitter is to a conductor, the stronger 
the conductor response. Thus when two subparallel 
conductors are adjacent to one another the one closer 
to the transmitter, in general, gives the greater re- 
sponse. Hence a conductor several hundred feet to 
one side of a transmitter situated immediately over 
an equivalent conductor may cause only an inflec- 
tion in the dip angle profile along any one traverse 
line. 

Higher frequencies energize lesser conductive 
bodies than do lower frequencies. Hence the 7000- 
cycle frequency may energize to an almost equal 
extent two semiconductive bodies, while the 1500- 
cycle field may energize appreciably only one of the 
two bodies. The dual frequency technique in itself 
indicates which conductors are better or poorer and 
so aids in the interpretation of geologic factors. In 
the case of Fig. 5 the 7000-cycle field more com- 
pletely energized the poorly conductive iron forma- 
tion and so presents a good reversal of sign on the 
hangingwall even from the transmitter (A) nearest 
the opposite contact. The 3500-cycle curve assumes 
a position intermediate between the 1500 and 7000- 
eycle curves. 

Marquette Range, Negaunee Iron Formation: To 
illustrate the complexity that may arise in the in- 
terpretation of inductive electromagnetic method 
results under certain conditions, an area of sup- 
posedly fairly uniform conditions has been chosen. 
The iron formation is a magnetic carbonate-silicate 
in which the economic values depend entirely on the 
relative concentrating characteristics of the mag- 
netite. The overburden is generally heavy enough 
to prevent adequate geologic mapping. 

Magnetics give only a broad picture of the struc- 
tures, and because the footwall contains variable 
amounts of disseminated magnetite, the iron- 
formation-argillite-graywacke contact is obscured. 
Although the magnetic carbonate-silicate iron for- 
mation is very extensive, certain undefined areas of 
magnetic oxidized iron formation are known to 
occur. The inductive electromagnetic method was 
used in an attempt to 1) locate the footwall contact 
and 2) define the oxidized areas, which were sus- 
pected to be associated with faulting. 

Several groups of electromagnetic traverses were 
made. Secondary lines were run to detail certain 
conductors. As apparent from Fig. 6, countless ma- 
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Fig. 3—Typical dip angle profiles obtained over iron forma- 
tion by the inductive electromagnetic method. 
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Fig. 4—Sketch showing orientation of transmitting coil for 
each station of observation. 


jor and minor conductors were located. Correlative 
geologic information is sufficient to identify the oxi- 
dized zone from SU 5, the footwall contact and in- 
trusive dikes near SU 1 and SU 2, and two of the 
major faults. The method has presented a complex 
pattern of conductors that suggests a complex geo- 
logical setting in turn opposed to the original 
premise. An attempt has been made in Fig. 6 to 
produce a geological interpretation of the area, 
which in great part satisfies the data. 

Thus the method has provided a starting place for 
structural deductions, but by no means has it given 
a clear picture of the area. As drilling proceeds, the 
basic interpretation undoubtedly will be revised, but 
a logical basis for drilling is available that should 
reduce the number of holes required to develop the 
area. 

Vermilion Range, Soudan Iron Formation: On the 
Vermilion Range the inductive electromagnetic 
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Fig. 6—Electromagnetic profiles from several transmitter positions and a possible structural interpretation. 
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Fig. 5—Marquette Range, Bijiki iron formation. Electromag- 
netic profiles from two transmitter positions showing relative 
response from several conductor axes. 


method was used to locate contacts of the Soudan 
iron formation, which is steeply infolded in green- 
stone. Numerous outcrops facilitate geologic map- 
ping, but some contacts are obscured by glacial drift. 
Fig. 7 shows a survey on a portion of the Vermilion 
Range. Here the iron formation varies from mag- 
netic hematitic cherty iron formation to hematitic 
goethite ore. 

Known geologic contacts are shown by a solid 
line, inferred geologic contacts by a dashed line. 
Known rock types are shown in darker shading, in- 
ferred rock types in lighter shading. Shaded areas 
represent magnetic highs, and conductors are de- 
picted by short heavy lines or by short dashed lines. 


Dotted lines show possible geologic contacts as a 
result of the conductors located. 

Two wire fences were encountered in the survey. 
The fence with the closed loop acted as a strong 
conductor, whereas the fence with the open loop did 
not act as a conductor. 

Several electromagnetic conductors found in the 
greenstone far from the contact with iron formation 
may represent the sulphides common in the green- 
stone, both as disseminations and as massive lenses. 

Several good conductors coincide with the known 
geologic contact of greenstone and iron formation, 
and some coincide with inferred contacts. Several 
conductors suggest the inferred geologic contacts 
should be changed, as shown by the dotted lines. 
On the other hand, both strong and weak conductors 
occur within the iron formation and probably rep- 
resent bands of conductive minerals. 

From Fig. 7 it is apparent that the electromagnetic 
survey alone did not locate all contacts, but when 
used in conjunction with known and inferred geo- 
logic data, it can help in the interpretation. If a 
detailed survey is made by setting up the transmitter 
on conductors at certain known contacts and trac- 
ing these conductors to either side, the results should 
be of further aid in locating drillholes. 


Limitations 


Although the inductive electromagnetic method 
results have added to structural information in any 
map area surveyed in this project, the method is not 
a complete mapping tool in itself. It has proved of 
most use where some geologic control is available, 
and/or where other geophysical data is available for 
corroboration. 

The method becomes difficult to apply and inter- 
pret where there are railroads, power lines, tele- 
graph and telephone lines, wire fences, and metallic 
pipelines, all artificial conductors which obscure the 
natural ones. Conversely, it can be used to trace 
buried water lines in other mining problems. 

Depth of overburden does not appear to be a seri- 
ous limitation in the areas worked so far. Because 
the overburden in these areas was less than 50 ft 
thick, there was good definition of conductors and 
interpretation has thus been simplified. However, 
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Fig. 7—A portion of the 
Vermilion Range electro- 
magnetic survey. Although 
the survey alone did not lo- 
cate all contacts, when used 
in conjunction with known 
and inferred geologic data 
it was a valuable aid to in- 
terpretation. 
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in one or more areas the overburden has been as 
deep as 300 ft. Although the inductive electromag- 
netic method has been of definite assistance in map- 
ping these areas, interpretation is difficult because 
there is less resolution between adjacent conductors. 

Although many conductors parallel the known 
stratigraphy, others transect it and have generally 
been attributed to faults. In many cases the actual 
cause of the conductors is unknown, but thus far 
it is believed that the following have served as con- 
ductors: 1) graphitic or carbonaceous slate and 
argillite horizons (possibly strike slips); 2) graph- 
itic slips in faults or fractures; 3) massive bands of 
pyrite and pyrrhotite; 4) massive bands of mag- 
netite; 5) interlocked grains of sulphides and mag- 
netite; 6) highly porous hematite or soft goethite, 
probably solution-filled (ionic conduction); 7) ion- 
ized solution-filled fault zones; and 8) hard blue 
hematite (very questionable). 

From the work completed, it appears that unless 
one or more of these materials is present as a mod- 
erate to excellent conductor in the section no anom- 
aly is likely to result. The anomaly is proportional 
to the absolute conductivity, and the frequencies 
employed determine the limits of conductivity which 
will give a response. 

Although the significant contacts are usually indi- 
cated, often it is very difficult to determine the act- 
ual cause of the inductive electromagnetic anomaly. 
When the structure is fairly simple, a minimum of 
surveying is required to trace the iron formation. 
Where it is complex, a greater number of setups is 
required to obtain the most complete picture pos- 
sible. Occasionally ore can be outlined within the 
iron formation, as has been shown above, see Fig. 5. 

Conductors other than those associated with con- 
tacts are usually indicated by the data. Often these 
can be correlated with known geology, but in other 
cases their cause is unknown. Wet porous horizons 


within soft iron formation often are suspected as 
a possible cause. 
Summary 


This method differs from other geophysical 
methods in that the result is self-evident, that is, no 
involved reduction of data is necessary before inter- 
pretation can be made. Assuming the geologist is 
aware of the probable nature of conductors located 
by the inductive electromagnetic surveys, drilling 
programs can be planned with greater assurance. 
Dual frequency work can separate the good from 
the intermediate conductive bodies and so provide 
additional information. Because the field work is 
done efficiently and because direct interpretation in 
the field actually can save field work, the method 
compares favorably, on an economic basis, with any 
other geophysical technique. Several types of ma- 
terials commonly found in iron ore exploration have 
been recognized as conductors, and the processes in- 
volved in determining and isolating these conductors 
has been developed with varying degrees of success. 
The authors consider the inductive electromagnetic 
method a practical and economical aid in exploring 


for 1 ore. 
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Geomechanics — Scientific Tool 


For the Mining Engineer 


by W. A. Vine 


HEN a hole is made in a stressed solid, such 

as rock pierced by mine openings, equilibrium 
of the solid is destroyed. To re-establish that equi- 
librium the stress condition in the rock surrounding 
the opening becomes rearranged. This rearrange- 
ment may or may not develop local stresses in the 
vicinity of the opening which exceed the elastic 
strength of the rock. Since stability of the opening 
depends, therefore, on the strength of the naturally 
occurring rock surrounding the opening, this rock is 
an engineering material of construction, and all rock 
affected by the associated opening or system of open- 
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ings may be considered a structure. The term invert 
is chosen to describe the formation of the structure 
—hbuilt from the inside, as it were, and a conse- 
quence of mining rather than an entity built for a 
purpose. By definition, an invert structure is formed 
when openings are made underground and is com- 
posed of that material on the solid side of a rock-air 
interface wherein the stress condition is affected by 
the associated opening or system of openings. The 
shape of an invert structure is never clearly defined; 
the skin of the structure may be mapped, and even 
described, but the boundary of the structure within 
the solid rock mass must be arbitrarily set. 

The name geomechanics is proposed to describe a 
branch of scientific knowledge which will encompass 
principles and working hypotheses for behavior and 
design of invert structures. It is foreseen that study 
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of geomechanics will enable mining engineers to as- 
sure stability of invert structures with the same con- 
fidence as the engineer who builds a bridge. On the 
other hand, they may be called upon to use their 
knowledge to predict or control instability. Conse- 
quently, geomechanics has many aspects and covers 
a wide range. By use of principles developed by this 
science, shape and arrangement of mine openings 
and sequence of mining and filling may be placed on 
a more systematic basis; safe slopes of open pit 
mines may be engineered; artificial support require- 
ments may be more economically designed; the cav- 
ing characteristics of a block of ore may be deter- 
mined from the testing of drill cores; and dimensions 
and gathering system of the block may be predeter- 
mined for most efficient mining. 

It is not denied that mining engineers already 
have developed a rich background of knowledge to 
guide them in solving practical problems. However, 
their attempts to take problems to the laboratory 
have been limited by the complex interrelationship 
of many variables and by what might be termed the 
problem of relative scale, that is, the enormous 
masses of material with which they must deal and 
the great range of structure from crystalline struc- 
ture to joint systems and regional metamorphism. 
This has led to what might be called the art of min- 
ing engineering: the acquisition of intuitive knowl- 
edge sufficient to overcome the structural problems 
of a particular operation. Such intuitive knowledge 
becomes personal with the individual and defies com- 
munication. Also, it limits application of the knowl- 
edge to situations where only certain combinations of 
variables exist, thereby setting up a hazard when 
knowledge gained at one locality with its particular 
arrangement of variables is used to solve a problem in 
an entirely different locality with a different set of 
variables. 


It is the role of geomechanics to reduce the art to 
a science, or at least to give the art the best scientific 
basis possible. To do this, it is necessary to recog- 
nize the variables that affect the mechanical redis- 
tribution of stress patterns when rock masses are 
disturbed, to separate the variables so that each may 
be studied in proper perspective, and to develop a 
nomenclature and a means of communication, so 
that knowledge gained by this study may be synthe- 
sized by practicing engineers into workable tools 
that will assist them in solving structure problems. 


Problems within the scope of geomechanics have 
been investigated and reported by many persons 
with various objectives in mind and with various 
results. Investigations of geomechanic phenomena 
have been stimulated by disastrous failures of the 
invert structure. Results of investigating such fail- 
ures have been made public by Fayol’ and Rice’ in 
their studies of subsidence and by Morrison,” 
Spaulding,’ and others’ in their studies of rockbursts. 
The coal industry has contributed much to the un- 
derstanding of behavior of tabular masses when they 
become parts of an invert structure. Theoretical 
studies of the stability of invert structures have been 
going on for some time in Europe, especially in Ger- 
many, France, and Switzerland. More recently the 
Applied Physics Branch of the U. S. Bureau of 
Mines has taken up the problem and has made many 
valuable contributions.” * Among the educational in- 
stitutions, Columbia University has pioneered in 
attacking the problem.” ” Mining departments of 
other universities are contributing occasionally,” 
to the limit of their under-equipped laboratories and 
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the available manhours that can be devoted to 
research. 

Much material basic to the study of geomechanics 
can be gleaned from companion fields. 

Theory of Elasticity:“ The theory of elasticity is a 
formal and scholarly approach to a determination of 
point stresses and displacements in an elastic solid 
under certain specified loading conditions. Because 
treatment of the subject is rigorous, it is necessary 
to make certain simplifying assumptions before the 
results are valid. Results obtained by the mathe- 
matical technique are limited by the assumptions 1) 
that the material making up the solid is perfectly 
elastic, isotropic, and homogenous, and 2) that the 
stresses applied to the solid are always lower than 
the yield strength of the material. Another severe 
limitation is the capability of the average mind to 
handle the mathematics involved, as the technique 
applies at present to determining stress conditions 
around openings of only two specified regular 
shapes, circular and elliptical. 

There are several justifications for including the 
theory of elasticity as a basis of geomechanics: 1) 
There must be a start somewhere; as more knowledge 
is acquired, certain simplifying assumptions may be 
dropped because the effect of the condition hitherto 
assumed to be ideal can be handled. 2) Some geo- 
logic structures may be of such regular consistency 
that the assumed condition is not far from the truth. 
3) The theory of elasticity gives qualitative results 
as well as quantitative, that is, it is known from this 
approach that some parts of the invert structure 
may be in tension, whereas other parts may be in 
compression or shear many times the value of the 
normal stress present before the opening was made. 

Photoelasticity:” Photoelasticity, a laboratory 
technique that can be applied to small models of cer- 
tain geologic structures, may be used when the 
mathematics of the formal approach becomes too 
cumbersome, for example, when it is desired to in- 
vestigate stress condition in openings of odd shapes, 
in pillars of any shape, and in ground surrounding 
multiple openings. With the exception of added flex- 
ibility in the shapes of openings that may be studied, 
photoelastic studies carry the same simplifying as- 
sumptions inherent in perfect substances, isotropism, 
perfect elastic properties, homogeneity, and relative 
low stress applications. As the technique is applied 
to three-dimensional problems, it becomes more 
difficult to deal with. The great part played by this 
particular field is in the qualitative determination of 
the location of concentrated stresses. 

Theory of Plasticity: The works of Nadai,* Bridg- 
man,” and others” ™ on the flow and fracture of 
solids at elevated pressures and temperatures and in 
transelastic deformations extend the subject matter 
of the theory of elasticity. The theory of plasticity 
may justifiably be included, therefore, as contribut- 
ing to geomechanics. Whereas the theory of elastic- 
ity does not consider time as a contributing factor in 
the failure of structures, consideration of plastic de- 
formation carries with it the inherent consideration 
of the time-rate of movement of one elementary 
particle with relation to its neighbor. 

Many practical mining operations are carried on 
when parts of the invert structure of the mine bear 
loads that stress the rock material beyond the elastic 
limit. (What mining engineer has not experienced 
squeezing or heavy ground?) Indeed, when geo- 
mechanics is defined to include investigating the 
means of inducing fragmentation, the mechanics of 
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flow and failure of rock masses become of major 
importance. 

Soil Mechanics: Drawing from the companion 
field of civil engineering, geomechanics finds a pro- 
lific source of material in soil mechanics,” which 
treats soil as an engineering material of construction 
with certain physical properties that can be deter- 
mined experimentally. Based on study of the action 
of a soil under stress, this treatment leads to in- 
creasing accuracy of prediction. 

It would be a task to list the direct contributions 
of soil mechanics to mining engineering. The im- 


portant contribution of this science is not a formula. 


or technique but the demonstration of a mental atti- 
tude. Proponents of soil mechanics know that they 
are practicing what is essentially an art based upon 
science and that there is a gap between theory and 
reality which must be bridged by the practicing en- 
gineer through accurate observation, mature judg- 
ment, and broad experience. They realize that soil 
mechanics theory is based upon ideal soils, which 
differ from real soils in many respects, and that a 
prohibitive amount of sampling and testing is nec- 
essary to reveal all the variables bearing upon a 
given problem. Consequently they adopt the observe 
and learn-as-you-go method of attack.” The working 
hypotheses and estimates with which a problem is 
started may then be continually revised and modi- 
fied as work progresses. 

Barodynamics: Bucky and his associates at Colum- 
bia University have been working for a number of 
years on a laboratory technique for centrifugal test- 
ing of models’ which simulates the manner in which 
stresses are induced on invert structures through 
the effect of the weight of the entire mass. The tech- 
nique has contributed materially to understanding 
the mechanism of failure in tabular masses as might 
be experienced in sedimentary deposits. Increased 
understanding of the mechanism of failure in solid 
bodies composed of consolidated particles rests on 
the development of better measuring techniques and 
more refined equipment. Panek,” with the Applied 
Physics Branch, U. S. Bureau of Mines, has recently 
described an improved centrifuge, from which re- 
sults may be expected. 

Lithology, petrology, and allied subjects contrib- 
ute a knowledge of the physical structure of rocks. 
These studies concern the material with which geo- 
mechanics must deal as they are found in nature and 
provide the functions of cataloging, classifying, and 
describing rocks according to physical makeup. 

Structural geology contributes knowledge of the 
origin of pressures and stresses within the earth’s 
crust and the transmission of stress throughout rock 
masses. It has contributed techniques for correlat- 
ing orientation of maximum stress by study of frac- 
ture patterns in rock. 

As the science of geomechanics develops, there 
will be increased reliance on model studies and geo- 
metrical similitude and also on the techniques of 
engineering statistics to expedite understanding of 
certain phenomena without its being necessary to 
separate the many variables of any given problem. 


Geomechanics in the Mining Engineering Curriculum 


Geomechanics has been in the curriculum of the 
Missouri School of Mines and Metallurgy for several 
years, during which time much experimenting has 
been necessary as to the manner of teaching and the 
objectives to be sought. During this period it has 
come to be realized that geomechanics will never be 
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an exact science, but that the degree of exactitude 
will increase as more and more knowledge is gained 
and more laboratory techniques are evolved. It must 
be remembered that mines all over the world are 
excellent laboratories and that experiments can be 
carried on continually as the mines are being devel- 
oped and exploited. The place of geomechanics in 
the educational institution will be to correlate and 
assemble information on the problem of controlling, 
and predicting the inability to control, the action of 
the invert structure of the mine. Such information 
may be gathered from mines as well as laboratories 
and should be passed on to the student with as much 
of the theory as will be necessary for him to under- 
stand the literature as the science develops. 


Future of Geomechanics 


The time can be visualized when each venture will 
be guided by a mining engineer versed in geo- 
mechanics whose duty will be to anticipate and pre- 
vent the violent failure of the invert structure of the 
mine. His duties should start when the mine is first 
planned, and his advice should be considered when 
mining methods are decided upon. As the mine 
evolves, he will continually test the invert structure 
with various measuring devices (the geophones, 
strain gages, and other equipment yet to be devel- 
oped) so that he may suggest modifying the mining 
plan, or design the support in particular parts of the 
mine to alleviate a buildup of high localized stress. 
His duties will never be complete but will become 
more complex as the mine goes deeper into regions 
of greater pressures. 
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Ground, Helicopter, and Airborne 
Geophysical Surveys of Green Pond, N. J. 


by W. B. Agocs 


KS August 1954 a low altitude test geophysical 
survey was made in the Green Pond area of 
Morris County, New Jersey, with a Gulf Research 
and Development Co. Model II total magnetic field 
variation magnetometer mounted in a Sikorsky S-55 
helicopter. The test was made in this area to com- 
pare the results of a high precision, very low alti- 
tude magnetometer survey with an existing ground 
magnetic survey in this area having known mag- 
netite concentrations, so that the method could be 
used in areas of difficult access for the detailing of 
airborne magnetometer anomalies of interest in 
place of ground surveys. 

The load capacity of the Sikorsky S-55 permitted 
installation of a recording scintillation counter so 
that a radioactivity survey would be made simul- 
taneously with the magnetometer survey. 

The area surveyed is located at approximately 
41°00’N and 74°28’W, just south and east of the 
town of Green Pond, N. J. 

The outstanding topographic feature of the region 
is Copperas Mountain, a well defined ridge, max- 
imum elevation 1222 ft, which runs the entire length 
of the survey. The lowest point in the survey, 810 
ft, is in the extreme eastern corner. Topography of 
the area is shown in Fig. 1. 

The three major rock units outcropping in the 
area are all metamorphic: the Pochuck gneiss, which 
has been divided into two metamorphic facies; the 
Byram gneiss; and the Green Pond conglomerate. 
The relative ages of the Pochuck and Byram forma- 
tions, both pre-Cambrian, are in doubt, but it is 
believed that the Pochuck is the older of the two.’ 
The Green Pond conglomerate is Silurian.” Distri- 
bution of the outcrops and mine locations is shown 

Two facies of the Pochuck gneiss can be distin- 
guished locally—the Copperas Mountain and Kitchell 
members. The Copperas Mountain member is a 
hornblende gneiss, and all the mines and prospects 
in the area are in this unit. The Kitchell is a quartz- 
plagioclase feldspar gneiss. 

The Byram gneiss is a relatively nonresistant val- 
ley formation which is high in the potash feldspar. 

The Green Pond conglomerate is a well indurated 
quartzite-conglomerate which forms the Copperas 
Mountain and the Green Pond Mountain’s ridge to 
the north. It overlies the gneisses with a strong 
angular discordance that may be a fault. 

The geologic structure of the Green Pond area is 
relatively uncomplicated. The foliation planes of the 
gneisses dip steeply to the southeast, and the Green 
Pond conglomerate dips steeply to the northwest. 
Additional faulting in the area is indicated at the 
contact between the Kitchell member of the Pochuck 
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and the Byram along the base of the topographic 
spur extending to the southeast from Copperas 
Mountain. 

The magnetite mines of Pardee, Winter, Daven- 
port, Green Pond, Copperas, and the Bancroft shaft 
are described by Bayley’ and Stampe.’ The ore is in 
the Copperas Mountain member of the Pochuck 
gneiss. The magnetite veins are 10 to 50 ft wide 
and up to 300 ft long, dipping to the southeast at 
angles ranging from 40° to 75°. The locations of 
these mines are shown in Fig. 1. 

Dip Needle Survey: The dip needle survey shown 
in Fig. 2 was taken from a U. S. Bureau of Mines Re- 
port of Investigations. The figure numbers below 
the local, individual map area outlines refer to the 
figures in the aforementioned reports which were 
not contoured. 

The area of the dip needle survey was confined 
almost exclusively to the outcrops of the Pochuck 
gneiss. The separation between survey profiles was 
100 ft and the distance between stations on the 
profiles was 25 ft in highly anomalous zones to 100 
ft in magnetically flat areas. A total of 16% miles of 
traverse was surveyed over an area of approxi- 
mately 4% sq mile with 2050 stations. 

The magnitude of the magnetic anomalies is diffi- 
cult to determine due to the lack of information con- 
cerning the type of dip needle used and the pro- 
cedure followed in making the dip needle survey. 
This latter would include the method of “zeroing” 
the dip needle and the procedure of reading at the 
stations, whether on the swing or statically. 

Calibrations made of the Gurley dip needle, Lake 
Superior type, show a static sensitivity of 385 
gamma per degree in the range from —25° to +35°, 
corresponding to a variation in the total field of 
—9600 gamma to +13500 gamma in a total field of 
57000 gamma, inclination 72°. The sensitivity in- 
creases to 16 gamma per degree from a deflection of 
60° to 76°, and from 76° to 172° the sensitivity de- 
creases continuously to a low of 260 gamma per 
degree. 

From the above it may be seen that it is difficult to 
assign an arbitrary sensitivity for the dip needle 
used on this survey. However, an estimated value of 
100 gamma per degree may be assigned. On this 
basis, the majority of the magnetic anomalies, whose 
deviation is +20°, would be 2000 gamma. Locally, 
west and northwest of the Pardee mine the magnetic 
anomaly is +50°, or 5000 gamma; in the Green Pond 
mine area deviations of +75° are observed that 
would correspond to anomalies of 7500 gamma. 

The areal extent and width of the dip needle mag- 
netic anomalies is comparable to profile and station 
spacing. Hence it is concluded that part of the de- 
tail may be due to control, and the probable cause 
of the magnetic anomalies is at or near surface ex- 
posures of magnetite concentrations in the form of 
veinlets and disseminations whose locations corre- 
spond to the local magnetic anomalies. On the basis 
of the magnetics, none of the magnetite concentra- 
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Fig. 1—Topographic and reconnaissance geologic map of Green Pond area, Morris County, N. J., showing contacts, location of 
mines, and sample locations. Contour interval 20 ft. (Topography taken from U. S. Geological Survey Boonton-Newfoundland 


quadrangles in New Jersey.) 


tions show extensive continuity, but they are local, 
poddy, low grade concentrations. 

; The conclusion to be drawn from this survey is 

that the area contains numerous veinlets and segre- 

gations of magnetite, none of which would warrant 

further investigation because available magnetite 

tonnages are limited and concentrations are spotty. 

Airborne Magnetometer Control: Results of the 
airborne magnetometer survey of the variations of 
total magnetic intensity are shown in Fig. 3. The 
magnetic data were obtained on profiles flown north- 
west-southeast, separated an average distance of %4 
mile and at a mean terrain clearance of 500 ft. Flight 
paths to guide the pilot were drawn on photo-indices 
of the area similar to that shown in Fig. 5. The flight 
path and terrain clearance were monitored with a 
strip camera and an APN-1 radio altimeter which 
were tied together and to the magnetic record by 
means of simultaneously recorded fiducials. These 
data were related to the ground and to existing 
planimetric maps by correlation with controlled 
photo-mosaics as shown in Fig. 4. 

The total magnetic intensity map compiled from 
this survey shows the general trend to be northeast- 
southwest. The major anomalies are the broad, re- 
gional negative axis in the northwest, and the three 
magnetic high closures. 

The flexure line between the low axis to the 
northwest and the high zone to the southwest marks 
the contact line between the Green Pond conglom- 
erate to the northwest and the Pochuck and Byram 
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gneisses to the southeast. The close agreement be- 
tween the interpreted and observed ccntact between 
the conglomerate and gneiss is due to high angle 
of contact. 

The disposition of the high closures on the general 
regional trend indicates that the area is anomalous. 
This is shown by the unique high outlier A and the 
transverse displacement between the two high axes 
and trends, B and C. This latter is interpreted as a 
fault with movement transverse to the high trend. 
A probably lies on a local strike fault, or joint zone, 
which was subsequently mincralized as indicated by 
the dual, local, minor gradient changes. 

Computation of the distance from the plane of 
observation to the cause of these positive anomalies 
shows that it ranges from 500 to 650 ft subflight, or 
approximately at surface. 

The minor reduction in the plunge of the gradient 
between the second and third lines on the northeast 
and between the next to last and last line to the 
southwest, respectively, indicates the location of two 
other probable high foci which were not resolved 
due to distance of separation between flight lines, or 
due to the placement of the control profiles. 

Taking the areas of mineralization for the high A 
to be 500x1000 ft, of the central high B to be 
700x1600 ft, and of the southwestern high C to be 
800x2000 ft, and assuming a great vertical extent to 
the mineralization, the values of the magnetic mo- 
ments per unit volume are calculated to be 0.003+ 


0.001, 0.003+0.0015, and 0.0015+0.001, respectively, 
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Fig. 2—Dip needle survey based on U. S. Bureau of Mines dip needle observations, 1949." 


Line direction northwest-southeast. 


Contour interval 5°. Line interval 100 ft. Figure numbers for individual maps refer to original U. S. Bureau of Mines publications. 


for 400, 650, and 400 gamma anomalies. Assuming 
that the magnetic moment is entirely due to induc- 
tion, the susceptibilities are of the order of 0.006 cgs, 


0.006 cgs, and 0.003 cgs, respectively. The former 


two values are markedly anomalous, being two to 
three times the measured value of the gneiss sus- 
ceptibility, but the latter value approaches the 
measured value of the rock susceptibility. 

Helicopter-Borne Magnetometer Survey: The 
photomosaic used for the helicopter-borne magnet- 
ometer survey is shown in Fig. 5, which indicates 
the exact location of flight lines along which magnet- 
ometer data were obtained. A study of this figure 
shows that seasonal photographs must be used for 
these low level surveys in order to tie the locations 
of flight lines to the ground. 

Results of the helicopter-borne magnetometer 
survey, shown in Fig. 6, may be compared for detail 
with results of the airborne magnetometer survey in 
conventional aircraft at 500 ft above terrain shown 
in Fig. 3 and results of the dip needle survey shown 
in Fig. 2. 

The low level helicopter-borne magnetometer sur- 
vey presented numerous operational, instrumental, 
and data reduction problems. Foremost of these was 
the necessity of developing a wide angle lens for the 
continuous strip camera which would cover an angle 
greater than 90° transverse to the flight path, which 
is photographed with a regular wide angle lens so 
that the flight path can be tied to the ground. Sec- 
ondly, the pilot and observer had to observe and tie 
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check points at low levels along the line and at the 
initiation and termination of the line, so that the 
flight line spacing would be maintained even with 
the most difficult ground cover conditions. Thirdly, 
the terrain clearance had to be maintained at or near 
tree-top level with minimum clearance variation. 

How well the terrain clearaice was maintained is 
shown in Fig. 7. A study of this map shows that the 
terrain clearance of the helicopter varied from 60 to 
120 ft, but the sensitive element of the magnetometer 
was in a towed plastic case or bird at the end of a 
50-ft cable. Hence, the bird’s terrain clearance 
ranged from 20 to 70 ft, but for the most part it was 
maintained at a clearance of from 40 to 50 ft. 

Separation between the flight lines was main- 
tained at an average of 200 ft, even at the extremely 
low flight level. 

Comparison of the low level, total magnetic in- 
tensity map of Fig. 6 and the terrain clearance map, 
Fig. 7, does not show magnetic anomalies whose 
cause may be terrain clearance variations. 

The anomaly A from the conventional aircraft, 
higher level survey has its counterpart on the low 
level helicopter magnetic record. Whereas the 
former survey showed an anomaly of 400 gamma, 
the latter shows an anomaly of 2900 gamma. This 
field increase in the anomaly of 7% times, if linear 
as considered in the original interpretation, would be 
due to a mass buried at a depth of 30 ft subsurface. 
Assuming an inverse square increase in anomaly, the 
depth to the center of mass of the source would be 
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Fig. 3—Airborne magnetometer survey map of the total magnetic field intensity variation showing the flight lines and anomaly 
Flight direction northwest-southeast. Flight altitude 500 ft. 


locations. Contour interval 10 gamma. Flight interval 14 mile. 


Base intensity arbitrary. 
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Fig. 4 (left)—Correlation of airborne 


500-ft altitude, with its ground and spatial position. Fig. 5 
(above)—Aerial photograph of survey area showing helicop- 


ter flight line locations. 
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Fig. 6—Helicopter-borne magnetometer survey of total magnetic field intensity variation. Contour interval 20 gamma. Flight 
interval 200 ft. Flight direction northwest-southeast. Base intensity arbitrary. Average terrain clearance of helicopter 100 ft; 


of magnetometer, 50 ft. 


200 ft subsurface. The former interpretation is be- 
lieved to be the more nearly correct, the resulting 
magnetic moment per unit volume is of the same 
order (0.003) as computed for the airborne feature, 
and the susceptibility is 0.008 cgs as compared to 
0.006 cgs from the airborne survey. 

The low level equivalent of anomaly B shows a 
north-south trend. The higher level anomaly has a 
northeast-southwest trend. This change results from 
the added detail from the 200-ft spacing used in the 
helicopter survey as well as the low level of terrain 
clearance. 

The low level survey’s magnetic anomaly B is 
2500 to 2800 gamma as compared to the 650 gamma 
for the higher level airborne survey. On the basis 
of the depth determinations, the increase is approxi- 
mately linear, or the effect due to a dike-like zone 
of mineralization. The magnetic moment per unit 
volume of this mass is 0.0045 cgs units, and if the 
anomalous deviation is due to induction the suscept- 
ibility of the material is 0.0079 cgs units. 

The low level survey anomaly C, when compared 
with the higher level survey map, shows that this 
feature is due to summation effects. Hence, no quan- 
titave determinations are made from the low level 
control. 

The northeastward plunge of the higher level sur- 
vey anomalies B and C show considerable resolution 
from the low level control. This higher level feature 
is found to break into two elongate, high trends 
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separated by a mean distance of 1000 ft in the low 
level helicopter survey. For this separation of the 
causes of the anomaly, the higher level should have 
resolved the individual features. However, for the 
northern high trend, a local magnetic gradient 
change is the only indication on the higher level 
survey map, and the southern high trend is offset 
from the major airborne axis. The conclusion may 
be drawn, tentatively, that the low level control has 
been influenced by the edge effects of a mass dipping 
steeply to the northeast. However, it is difficult to 
reconcile this deviation on this basis, since the an- 
omaly of the main mass is 600 gamma, and the edge 
effects on the western trend show deviations of from 
800 to 1000 gamma. 

In order to check the above loss of resolution on 
increasing the terrain separation from a few tens of 
feet as in the helicopter survey to 500 ft for the 
higher level survey, an upward continuation of the 
helicopter data was made using Peters’ method.* 
This was made on lines A, B, and C shown in Fig. 6. 
These lines correspond to the airborne survey lines 
as shown in Fig. 3. The results are presented in Fig. 
8, which shows the low level helicopter profile and 
the higher level profile as compared to the resulting 
upward continuation curve. With the exception of 
line A, an almost complete loss of resolution of the 
dual positive trend is observed, which is in agree- 
ment with the measured results, and the magnitude 
of the upward continuation anomalies agrees favor- 
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Fig. 7—Map of terrain clearance maintained during helicopter-borne geophysical survey. Contour interval 20 ft. Flight inter- 
val 200 ft. Flight direction northwest-southwest. Average terrain clearance of helicopter 100 ft. 


ably with the measured higher level airborne mag- 
netometer anomalies. 

The location of the Pardee mine is on the plunge 
of an elongate trend. This mine (?) is located in a 
zone interpreted to be disseminated magnetite, with 
attendant local veinlets of magnetite. Under these 
conditions this feature is not of economic value. 

The Davenport mine is located on the northwest 
flank of a minor magnetic high. The deviation is of 
low magnitude, and this feature is probably due to 
disseminated and local veinlets of magnetite. 


Table |. Susceptibility Determinations of New Jersey Ore and Rock 


Samples 
Susceptibility Den- 
Location Rock Type x 106 Cgs sity 
Washington mine Magnetite 16518 4.722 
Near Oxford, N. J. Contact gneiss-magnetite 
(magnetite) 71093 3.718 
Near Oxford, N. J. Same ' 73269 3.704 
Near Oxford, N. J. Magnetite ore, outcrop 14351 4.835 
Near Oxford, N. J. Gneiss outcrop 100.5 2.611 
Green Pond, N. J. 
No. 3 Byram gneiss 2000 2.591 
No. 5 Byram gneiss 80.09 2.430 
No. 6 Byram gneiss 223.7 2.575 
No. 9 Pochuck gneiss 147.0 2.911 
No. 12 Pochuck gneiss 59.7 2.904 
No. 13 3882. 2.462 
No. 15 Pochuck gneiss 143.8 3.067 
No. 18 Pochuck gneiss 2157 2.763 
No. 20 Pochuck gneiss 
magnetite 26875 3.252 
No. 22 Green Pond 
conglomerated 29.1 2.461 
No. 23 Pochuck gneiss, 
magnetite 62068 3.509 
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Anomaly A, which is the location of numerous 
exploration pits of the Green Pond mines, is on the 
flank of a mass having a susceptibility of 0.008 cgs 
which would be due to a concentration of 6 pct to 
8 pct magnetite by volume. This is too low for com- 
mercial development, even though there probably 
are local zones of enrichment such as the originally 
mined magnetite vein. 

Anomaly B, which appears to be of some interest 
in view of the Green Pond pits on anomaly A, is, 
however, comparable to it, and it is of doubtful 
commercial interest. 

The Copperas mine is located on a minor feature 
and areally it is of extremely limited extent. The 
fact is further confirmed on comparison with the dip 
needle survey in the area of the mine. 

The Bancroft mine is located at a contact zone as 
discussed above. The dip needle survey of a minor 
zone of mineralization is confirmatory to the low 
level control. 

Susceptibility and Density Determinations: For 
comparative purposes, and for a knowledge of the 
magnitude of the susceptibilities of the ores and 
rocks, susceptibility determinations have been made 
of a limited number of New Jersey samples. In ad- 
dition to samples obtained from the Green Pond 
area, samples obtained from the Washington vein, 
near Oxford, N. J., and at outcrops near Oxford are 
listed. Table I gives the results of these measure- 
ments made in a susceptibility bridge in a field of 
0.6 oersted. The location numbers preceding the rock 
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type names in the Green Pond area are the same as 
those shown on Fig. 1. 

Assuming in the case of ores that the magnetite 
has a density of 5.0 and the gangue material a den- 
sity of 2.5, the Washington mine ore and Oxford ore 
samples with densities of 4.722 and 4.835 should con- 
tain 94 pct and 97 pct magnetite, respectively, 
whereas the two samples from Oxford with the ex- 
treme values of susceptibility and an average den- 
sity of 3.71 should contain 65 pct magnetite. In the 
case of samples 20 and 23, the magnetite content 
should be 45 pct and 58 pct, respectively. It is 
tentatively concluded that fine grained, disseminated 
magnetite will have a far higher susceptibility than 
coarse, Massive magnetite. 

Comparison of the above values of ore suscept- 
ibilities with the computed susceptibilities for the 
massive causes from the magnetic anomalies shows 
that they are of little or no economic value, since 
they are due to low grade magnetite concentrations. 

Comparison of Total to Vertical Magnetic Inten- 
sity Anomaly: The question may arise as to the com- 
parison of the total to the vertical magnetic field 
anomaly. In the case of mineral surveys it is par- 
ticularly important that the location of the maxima 
with respect to the source of mineralization be 
known in terms of the depth. To this end the verti- 
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cal and total field function is presented for the 
doubly infinite horizontal cylinder. 

These curves are shown for the cylinder for a 
magnetic field inclination of 70° in Fig. 9. The max- 
imum of the vertical field is 0.1 n and the maximum 
of the total field is located 0.25 n south of the center 
of the cylindrical mass, where n = x/d; d is the ver- 
tical distance from the plane of observation to the 
center of the cylinder; and x is the horizontal dis- 
tance. The ordinates are plotted in units of n, and 
the abscissa are (AZ.d*)/2AI and (AT.d’)/2AI, 
where AZ and AT are the vertical and total mag- 
netic anomalies, respectively, and d, A, and I are the 
vertical distance from the plane of observation to 
the center of mass, A the cross-sectional area, and I 
the magnetic moment per unit volume. 

Radioactivity Survey: The radioactivity survey 
was made using a Measurement Engineering Labor- 
atory Model AEP-1903-R dual crystal, cosmic ray 
rejection instrument. The radioactivity data were 
recorded continuously using a Houston technical 
instrument dual pen recorder to record the terrain 
clearance simultaneously with the gamma radiation 
level. This record was obtained on the low level 
helicopter survey. 

The purpose of this radioactivity survey was to 
determine the possible correlation between radio- 
activity and the geologic exposure, and to determine 
in the course of the survey the effects of topography 
and the efficiency of correcting the data to a con- 
stant terrain clearance level. 

The radioactivity data were contoured at a two- 
scale division interval, which is equal to an 800 
count per minute change in radioactivity. 

The comparison of the radioactivity map of Fig. 10 
with the terrain clearance, Fig. 7, and the topo- 
graphic map, Fig. 1, shows little if any effect due to 
these sources. 
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Fig. 10—Radiometric map of the area obtained in the helicopter-borne survey of the Green Pond area. Contour interval 2 scale 


divisions. Altitude corrected to 70 ft. Flight interval 200 ft. 


of helicopter 100 ft. 


The generally high radioactivity zone, which 
passes through the center of the area, corresponds 
to the area of the outcrop of the Pochuck gneiss. This 
relatively high radioactivity cannot be ascribed to 
potassium, since the feldspars are mainly sodic 
and/or calcic. Hence, in view of the definitely an- 
omalous area magnetically it is believed that the 
mineralization may be post-Archaeozoic or later, 
with attendant introduction of radioactive minerals. 

To the northwest of the aforementioned high 
zone, the spotty increases and decreases of radio- 
activity are probably due to the potassium-rich 
weathering material derived from the orthoclase 
feldspars in the Green Pond conglomerate. 

The abnormally low radioactive zone to the 
northeast of the Wharton and Northern RR is lo- 
cated over the Byram gneiss outcrops. While the 
gneiss is relatively rich in orthoclase and hence 
potassium, the low level of radioactivity is probably 
due to a quartz detrital cover, except in local zones 
where the Byram outcrops with little or no cover, 
or with a predominately clay soil derived from the 
orthoclase feldspar. 

Conclusions 

From the study and comparison of the results of 
the low level helicopter survey with dip needle sur- 
vey of the Green Pond area it is concluded that the 
low level magnetic survey results are comparable to, 
if not superior to, the results obtained from a ground 
survey. This is because continuous data are ob- 
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Flight direction northwest-southeast. Average terrain clearance 


tained; the slight removal from the magnetic sources 
yields a more nearly true outline of the magnetic 
sources; terrain clearance may be held within suf- 
ficiently close tolerances so that it does not affect the 
magnetic results; the position of the total field maxi- 
mum is only slightly displaced from the vertical 
field’s maximum at the higher latitudes; the rapidity 
and density of control in areas of dense vegetation 
cover is controlled by the survey needs; and the cost 
per unit in time and money is comparable to, if not 
less than, for a ground survey. 
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Increasing Coal Flotation-Cell Capacities 


A Report on Semicommercial-Scale Experiments 


by B. W. Gandrud and H. L. Riley 


DNS far as the present writers know, this system of 
flotation has not been used elsewhere in this 
country, but in the last couple of years it has been 
introduced, with minor variations, at one plant in 
England and one in Wales. The system has been 
described and discussed in a number of publica- 
tions.”° The following is quoted from an abstract 
of the latest of these,° a paper presented at an In- 
ternational Conference on Industrial Combustion 
in 1952. 

On the basis of experience to date with the com- 
mercial plants, it is believed that the kerosene-flota- 
tion process incorporates all the necessary elements 
to make it greatly superior to anything else now 
available for treating of fines in wet processes of coal 
preparation. Additional study and investigation are 
still needed, however, to determine if certain phases 
of the process can be improved to such an extent as 
to make it generally satisfactory and acceptable to 
the industry. Further improvements will be needed 
with respect to the capacities of the flotation cells 
and the reagent consumption. 

The situation referred to above explains why an 
investigation is being made of the possibilities of 
achieving better cell capacities. Results obtained 
from this investigation, which is still in progress, 
are believed significant with regard to both cell ca- 
pacity in general and the relation of cell design to 
cell capacity in particular. Commercial equipment 
now being used in a laboratory-type investigation 
should have performance characteristics similar to 
those of the larger machines. 

Equipment and Procedures: All flotation tests 
have been made in a standard Denver sub-A 24x24- 
in. unit cell of 12-cu ft volume. Cell modifications 
to make it more suitable for the tests were an ad- 
justable front-wall section for varying cell depth 
and a perforated scraper-drag assembly for re- 
moval of the float product. There is also an apron 
dry-coal feeder, a gravity-feed water supply, re- 
agent feeders, and a centrifugal pump that feeds 
the mixture of coal, water, and reagents into the 
flotation cell. A wattmeter connected into the drive- 
motor circuit records the power requirements of the 
impeller throughout each run. 

Dry coal, water, and reagents are all fed through 
a pan-type intake to the feed pump. A Sturtevant 
blower was set up to furnish air for supercharging. 
A centrifugal pump with a garbage-can intake pro- 
vides for disposal of refuse flow to an outside set- 
tling tank. Figs. 1 and 2 show the flotation cell; 
Fig. 2 also illustrates the blower for supercharging. 

For purposes of this investigation, the percentage 
by weight of the feed coal recovered in the float 
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product under a standard set of conditions has been 
considered as the criterion of cell capacity. The 
authors realize that such a criterion may be some- 
what unorthodox, as the term cell capacity is usu- 
ally understood to refer to feed input and ordi- 
narily takes into account the ash analyses of the 
float product and refuse. However, the word ca- 
pacity is flexible enough so that Webster gives one 
definition as maximum output, a definition which 
seems to justify, at least partly, acceptance of the 
above criterion. It has been the authors’ experi- 
ence in the Birmingham district that the ash-re- 
duction efficiency of the coal-flotation process is 
generally satisfactory and that the only real prob- 
lem is to increase the rate of float recovery so that 
the feed rate to any given bank of cells can be in- 
creased without undue loss of coal in the refuse. 

Originally it was planned to operate the flotation 
cell to simulate continuous operation during samp- 
ling periods. It was assumed that operating for rea- 
sonable time with feed coal, water, and reagents 
turned on would stabilize conditions so that the 
weight of float coal discharged during a fixed time 
interval would be an accurate measure of the rate 
at which the coal was being floated. It developed, 
however, that this supposition was erroneous. The 
float coal, caught for fixed time intervals and 
weighed, gave widely varying results in duplicate 
runs. Efforts to correct this trouble failed, and it 
was decided to try to operate on a batch-test basis, 
whereby all the float coal produced during a run 
on a known weight of feed coal would be caught in 
tubs, dewatered, and weighed. This method gives 
consistent and reproducible results, with total float 
product weight rarely varying by more than 3 or 4 
pet on duplicate runs. 

The standard test procedure is as follows: 

A 132-lb sample of dry feed coal is weighed and 
placed in the feed hopper. The feeder is adjusted 
for a rate of 800 lb per hr. Feed water and reagents 
are turned on, and the feed and refuse pumps are 
started. One minute later the impeller is started. 
Six minutes are allowed for the cell to fill up with 
the water-reagent mixture. The feed of dry coal 
is started at the end of this 6-min period. One min- 
ute later the float-coal removal drag is started. 

The float coal is caught in one tub for the first 6 
min after the flow of feed coal starts. Tubs are then 
changed, and the float coal is caught in a second tub 
until the feed coal runs out, when the tubs are again 
interchanged to catch the float coal for the re- 
mainder of the run in the first tub. The cell is kept 
running for 3 min with the water and reagents on 
after the feed stops to allow residual float coal to 
be removed. 

At the end of a test the wet float coal in both 
tubs is weighed and the total weight recorded. The 
product in the second tub is used for moisture de- 
termination and screen-size analyses. When the 
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Table |. Comparative Tests of Coal from the Mary Lee Bed, With and Without Baffle Blocks 


Cumulative 
Screen Weight, Ash, * Weight, Ash,* Power, 
Product Size, Mesh Pet Pct Pct Pet Watts 
Flotation feed, — 14 + 28 40.2 33.3 40.2 She) 
ROM crushed to — 28 + 48 23.5 28.2 63.7 31.4 
14-mesh. Weight — 48 +100 14.3 27.0 78.0 30.6 
132 lb, dry- —100 +200 9.2 27.5 87.2 30.3 
coal basis. —200 12.8 32.7 100.0 30.6 
Float coal, with — 14 + 28 37.8 9.8 37.8 9.8 With baffle 
baffle blocks. Weight — 28 + 48 25.8 golep? 63.6 10.4 blocks, impeller 
75.9 lb, dry-coal — 48 +100 15.8 12.5 79.4 10.8 required 860 w. 
basis. Float-product —100 +200 9.8 12.3 89.2 i106 
solids, pct, 49.6. —200 10.8 12.8 100.0 3 ie 
Refuse. Weight by 14 to 0 100.0 56.8 100.0 56.8 
difference, 56.1 lb, 
dry basis. 
Float coal, without — 14 + 28 31.6 8.7 31.6 8.7 Without 
baffle blocks. Weight — 28 + 48 25.6 9.7 57.2 9.1 baffle blocks, 
56.8 lb, dry-coal — 48 +100 19.6 10.7 76.8 9.5 impeller 
basis. Float-product —100 +200 IL-3 ISL) 88.1 9.8 required 
solids, pct, 46.4. —200 11.9 12.2 100.0 10.0 1020 w. 
Refuse. Weight by 14 to 0 100.0 46.1 100.0 46.1 
difference 75.2 lb, 
dry basis. 
Flotation feed, — 14 + 28 35.9 18.8 35.9 18.8 
14-mesh to 0, screened — 28 + 48 23.5 172 59.4 18.1 
out of ROM. Weight — 48 +100 16.5 18.1 75.9 18.1 
132 lb, dry- —100 +200 9.8 18.7 85.7 18.1 
coal basis. —200 14.3 22.6 100.0 18.8 
Float coal, with — 14 + 28 34.9 8.9 34.9 8.9 With baffle 
baffle blocks. Weight — 28 + 48 26.2 9.8 61.1 9.3 blocks, impeller 
99.3 lb, dry-coal — 48 +100 ified 10.7 78.8 9.6 required 880 w. 
basis. Float-product —100 +200 10.7 10.5 89.5 9.7 
solids, pct, 46.1. —200 10.5 10.4 100.0 9.8 
Refuse. Weight by 14 to 0 100.0 46.1 100.0 46.1 
difference 32.7 lb, 
dry basis. 
Float coal, without — 14 + 28 27.0 Te 27.0 Re Without 
baffle blocks. Weight — 28 + 48 26.8 8.3 53.8 ak baffle blocks, 
73.2 lb, dry-coal — 48 +100 21.9 8.8 ee 8.1 impeller 
basis. Float-product —100 +200 12.5 9.2 88.2 8.2 required 
solids, pct, 44.1. —200 11.8 9.5 100.0 8.4 1040 w. 
Refuse. Weight by 14 to 0 100.0 S17 100.0 31.7 


difference 58.8 lb, 
dry basis. 


* Moisture-free basis. 


In the above two sets of tests the increases in weight recovery of float coal due to the presence of the baffle blocks were 33.6 and 


35.7 pct, respectively. 


total amount of float coal is computed, the per- 
centage of solids thus determined is applied to the 
material in both tubs. 


Experimental Results 

A large number of runs have been made to de- 
termine the effects of different factors on recovery 
of float coal. These factors have included ordinary 
variables of the flotation process itself as well as 
variables having to do with cell design. Even be- 
fore the batch-test procedure was adopted, there 
were indications that baffles in the area surrounding 
the impeller were beneficial to float coal recovery. 

One of the first ideas to be investigated was the 
use of a set of cement baffle blocks spaced radially 
around the outside of the impeller diffuser-hood. 
These blocks are 2x2 in., cross-section, and 41% in. 
high. Sixteen blocks are set on end in the bottom 
of the cell, equidistant on a centerline concentric 
with and 2 in. beyond the edge of the diffuser hood. 
They are held together in this position by an in- 
side and an outside band-iron ring. Fig. 3 shows 
the positioning of the blocks in the cell bottom. 
Fig. 4 is a view of the blocks outside the cell, with 
the adjustable front wall section suspended tor 
easy access to the area around the impeller. 

Tests with Baffle Blocks: Tables I to IV show re- 
sults of runs made to determine the effects of the 
baffle blocks on the recovery of float coal. Through- 
out these runs all operating variables were kept 
constant, one test being made with the blocks in 
place and the other test without the blocks. The 
reagent combination consisted of 1 part pine oil to 
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16 parts kerosene, used at the rate of 4 lb per ton of 
feed. The feed has a solids content of 10.2 pct and 
the feed rate was 800 lb per hr, dry-coal basis. The 
only run that deviated in any way from these con- 
ditions was the one on Pocahontas coal, shown in 
Table IV. This run was made on coal left over from 
a batch obtained originally for use in carbonization 
experiments. To prevent loss of fines during ship- 
ment this coal had been dustproofed with oil. The 
residual coating of oil from this treatment made the 
coal floatable enough without further addition of 
reagents, and no reagents were added in the tests 
reported in Table IV. Partial screen analyses of 
the feed and float products are shown in Tables I 
to IV to give some idea of how the individual sizes 
are affected by the use of the baffle blocks. 

Sampling of the refuse was not considered prac- 
tical in the standard, batch-test procedure. Obvi- 
ously, the quality of the refuse discharged from the 
cell at different times during a run would vary over 
an extremely wide range, and about the only way 
to get a representative sample for an entire run 
would be to recover all the refuse in a settling tank 
and sample the product as a whole—a procedure 
that would not be practical with the facilities avail- 
able. The weights and analyses of the refuse prod- 
ucts in Tables I to IV were therefore obtained by 
differences and by calculations. 

Tests with Supercharging: It is often asked 
whether or not supercharging effectively increases 
cell capacities. To obtain data that might indicate an 
answer to this question, runs consisting of parallel 
tests with and without supercharging were made on 
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Table II. Comparative Tests of Coal from the Kelly Bed, With and Without Baffle Blocks 


Cumulative 
Screen Weight Ash, = 
Product Size, Mesh Pe Pet ‘Watts’ 
Flotation feed. — 14 + 28 34.0 5.2 
ROM crushed to = 28°45 48 25.8 5.3 30.8 32 
14 mesh. Weight — 48 +100 17:3 6.2 717.0 5.6 
132 lb, dry- —100 +200 10.9 ED 87.9 5.7 
coal basis. — — 200 12.1 10.3 100.0 6.3 
Float coal, with ; — 14 + 28 41.1 a5 41.0 3.5 With baffle 
baffle blocks. Weight — 28 + 48 25.4 3.5 66.5 3.5 blocks, impeller 
90.3 lb, dry-coal — 48 +100 16.1 BH) 82.6 BID required 840 w. 
basis. Float-product —100 +200 8.9 3.8 91.5 B.D) 
—200 8.5 4.4 100.0 3.6 
efuse. Weig y differ- 14 to 0 100.0 
oat coal, without — 14 + 28 41.8 3.5 41.8 3.5 Without baffle 
baffle blocks. Weight — 28 + 48 24.7 3.4 66.5 3.5 blocks, impeller 
63.6 lb, dry-coal — 48 +100 175 3.4 84.0 3.4 required 
basis. Float-product —100 +200 8.4 Rey 92.4 S5 1000 w. 
solids, pct, 49.5. —200 7.6 4.1 100.0 3.5 
Refuse. Weight by differ- 14 to 0 100.0 8.9 100.0 8.9 


ence, 68.4 lb, dry basis. 


* Moisture-free basis. 


In the above set of tests the increase in weight recovery of float coal due to the presence of the baffle blocks was 42.0 pct. 


Table III. Comparative Tests of Coal from the America Bed, With and Without Baffle Blocks 


Cumulative 
Screen Weight Ash,* Weight, Ash,* Power, 
Product Size, Mesh Pe Pet Pet Pet Watts 

Flotation feed. — 14 + 28 30.2 34.6 30.2 34.6 
14 mesh to 0 screened — 28 + 48 22.6 Son 52.8 34.8 
out of ROM. Weight — 48 +100 16.3 35.1 69.1 34.9 
132 lb, dry-coal —100 +200 9.9 34.2 79.0 34.8 
basis. —200 21.0 42.4 100.0 36.4 

Float coal, with — 14 + 28 29.5 6.9 29.5 6.9 With baffle 
baffie blocks. Weight — 28 + 48 25.4 10.3 54.9 8.5 blocks, impeller 
69.5 lb, dry-coal — 48 +100 18.6 14.7 73:5) 10.0 required 740 w. 
basis. Float-product —100 +200 11.2 16.5 84.7 10.9 
solids, pct, 45.7. —200 15.3 15.9 100.0 gle Ef 

Refuse. Weight by differ- 14 to 0 100.0 63.9 100.0 63.9 
ence, 62.5 lb, dry basis. 

Float coal, without — 14 + 28 23.0 6.1 23.0 6.1 Without baffle 
baffle blocks. Weight, — 28 + 48 25.0 8.8 48.0 7.5 blocks, impeller 
60.0 lb, dry-coal — 48 +100 20.6 12.5 68.6 9.0 required 840 w. 
basis. Float-product —100 +200 14.6 14.8 83.2 10.0 
solids, pct, 42.7. —200 16.8 14.9 100.0 10.8 

Refuse. Weight by differ- 14 to 0 100.0 57.8 100.0 57.8 


ence, 72.0 lb, dry basis. 


* Moisture-free basis. 


In the above set of tests the increase in weight recovery of float coal due to the presence of the baffle blocks was 15.8 pct. 


Table IV. Comparative Tests of Pocahontas Coal, With and Without Baffle Blocks 


Cumulative 
Screen Weight, Weight, Ash,* Power. 
Product Size, Mesh Pec Pct Pet Watts 
Flotation feed. Washed — 14 + 28 42.5 6.2 42.5 6.2 
34-in. to 0 crushed — 28 + 48 25.8 a | 68.3 6.0 
to 14 mesh. Weight — 48 +100 13.6 6.0 81.9 6.0 
132 lb, dry-coal —100 +200 7.9 6.0 89.8 6.0 
353 40 With baffle 
1, with — 14 + 28 35. : 
PHS biocke Weight — 28 + 48 28.7 4.0 64.0 4.0 blocks, impeller 
104.8 lb, dry-coal — 48 +100 17.1 4.0 81.1 4.0 required 880 w. 
basis. Float-product —100 +200 9.5 4.2 90.6 a0 
solids, pct, 48.0 —200 9.4 4.3 100.0 “ 
Refuse. Weight by dif- 14 to 0 100.0 14.2 100.0 14.2 
7.2 lb, dry basis. ‘ 
— 14 + 28 30.1 30.1 Without baffle 
baffle blocks. Weight — 28 + 48 27.8 3.4 57.9 3.3 blocks, impeller 
69.3 lb, dry-coal — 48 +100 19.3 Bro) 17.2 3.3 required 1070 w. 
basis. Float-product —100 +200 11.1 3.6 88.3 af 
solids, pct, 50.1 —200 3.9 
Refuse. Weight by differ- 14 to 0 100.0 9.1 i i 


ence 62.7 lb, dry basis. 


* Moisture-free basis. 


In the above set of tests the 


increase in weight recovery of float coal due to the presence of the baffle blocks was 51.2 pct. 
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Table V. Comparative Tests of Coal from the Mary Lee Bed, With and Without Supercharging 


Cumulative 
Screen Weight. Ash,* Weight, Ash,* Power, 
Product Size, Mesh Pet Pct Pet Pet Watts 

Flotation feed. — 14 + 28 34.3 38.5 34.3 38.5 
ROM crushed to — 28 + 48 25.0 31.1 59.3 35.4 
14 mesh. Weight — 48 +100 15.4 29.1 74.7 34.1 
132 lb, dry- —100 +200 10.1 28.3 84.8 33.4 
coal basis. —200 15.2 33.7 100.0 33.4 i 

Float coal, with = 14 4 28 pale 8.1 21.7 8.1 With super- 
supercharging at 9 in. water — 28 + 48 23.2 8.9 44.9 8.5 charge im- z 
gage. Weight 36.0 lb, — 48 +100 21.3 9.5 66.2 8.8 pel er require 
dry-coal basis. Float- —100 +200 15.6 9.8 81.8 9.0 760 w. 
product solids, pct, 44.4 — 2.00 18.2 10.2 100.0 9.2 

Refuse. Weight by differ- 14 to 0 100.0 42.5 100.0 42.5 

6.0 lb, dry basis. : 

Fissicen. without — 14 + 28 22.7 8:0 | 22.7 8.0 Without super- 
supercharging. Weight — 28 + 48 29.4 9.0 pail 8.6 charging im- 
43.1 lb, dry-coal — 48 +100 20.9 9.9 73.0 8.9 peller required 
basis. Float-product —100 +200 13.2 10.3 86.2 9.2 1060 w. 
solids, pct, 46.9 —200 13.8 als) 100.0 9.4 

Refuse. Weight by differ- 14 to 0 100.0 45.1 100.0 45.1 


ence, 88.9 lb, dry basis. 


* Moisture-free basis. 


In the above tests, 


supercharging decreased the weight recovery of float coal by 16.5 pct. 


Fig. 1—Front view of flotation cell. Dry coal, water, and re- 
agents are all fed through a pan-type intake to the feed 
pump. A Sturtevant blower furnishes air for supercharging. 


Fig. 2—Flotation cell, rear view, with blower and recording 


wattmeter. 
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two samples of coal, one from the Mary Lee and one 
from the America bed. The supercharging process 
consists of introducing air under pressure into the 
impeller area on the assumption that in this way a 
greater amount of pulp aeration will be obtained 
and that this will, in turn, increase the rate of flota- 
tion. In the present investigation, a centrifugal 
blower was connected with the impeller standpipe, 
and a valve and manometer were installed so that 
any desired pressure could be maintained. 
Contrary to what might have been expected, 
supercharging decreased the float coal recoveries 
by 16.5 pct on the Mary Lee coal and by 6.4 pct on 
the America coal. Table V shows results of the tests. 
The data on the refuse were arrived at by the same 
method as in Tables I to IV. During the super- 
charging tests there were no baffle blocks in the 
cell, and all variables were kept the same as they 
had been for the previous runs recorded in Tables 
I to IV. The flotation sample in Table V was dif- 
ferent from those in Table I, and although they 
were all from the same mine on the same bed, their 
flotation characteristics were quite different. 
Miscellaneous Tests: A series of tests was made 
in which the percentage of solids in the flotation 
feed was varied. All other variables were kept con- 
stant and at the same rates and magnitudes as in 
the previous runs, recorded in Tables I to V. There 
were, of course, no baffle blocks in the cell and no 
supercharging. The tests were made on a sample 
of run-of-mine coal from the Mary Lee bed crushed 
to 14 mesh, with a head-ash analysis of 29.7 pct. 
The percentage of solids in the feed ranged from 
10.2 to 22.3 pct. The solids percent and the weight 
recoveries on a dry-coal basis were as follows: 


Solids in Feed, Pct Float Coal, Lb 


In the test with 22.3 pct solids, the float-coal 
weight was 75.9 lb (the same as at 18.7 pct solids), 
but the sand pipe choked up about 2 min before the 
feed coal ran out, probably increasing the amount 
of float coal by increasing the retention time of 
coarse particles towards the end of the run. Obvi- 
ously the above figures are only indicative and not 
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Fig. 3—Line drawing of cell bottom showing position of 
baffle blocks. 


factually representative of the relation between 
feed solids and float coal recovery because the tests 
were of the batch type, in which the percentage of 
solids is zero at the start of the test and almost zero 
again at the end. This probably results in reducing 
the effective percentage of solids considerably, which 
in turn would mean that the figures for percentage 
of solids in the feed, shown above, would also have 
to be reduced to be representative of continuous 
operating conditions. Taking this into consideration, 
it seems likely that the peak of float recovery would 
be at a point less than 18 pct solids in the feed. 

In another set of tests, made on Pocahontas coal 
under standard conditions, the pulp level was varied 
to give cell depths from 17 in. for one test to 28 in. 
for another. At the 28-in. depth, float coal recovery 
was 5.2 pct greater than at a depth of 17 in. 

One test has been made on Pocahontas coal in 
which a 24x24-in. perforated plate with 3/16-in. 
holes and 23 pct open space was installed hori- 
zontally in the cell 4 in. below the surface of the 
pulp. This was done in an effort to reduce boiling 
and turbulence at the pulp surface on the assump- 
tion that to do so might increase flotation rate. In 
two parallel tests under standard conditions, the 
use of the perforated plate reduced the weight of 
float coal recovered 23.3 pct below what it was 
without the plate. 

Float Product Quality: Ash analyses of float 
products have not been considered important in this 
investigation. In the first place, as already explained, 
ash-reduction efficiency of the coal-flotation process 
in the Birmingham district is satisfactory, and the 
only problem is to increase the float recovery rate 
so the feed rate can be stepped up proportionally. 
In the second place, the analyses in Tables I to V 
show that although increases in float recovery are 
always accompanied by higher ash the increases in 
ash are about what might be expected on the basis 
of the usual yield-ash relationship. 

Float-and-Sink Data on Samples of Flotation 
Feed: Since no attempt has been made to obtain 
complete recovery of coal fed to the flotation cell, 
detailed information regarding washability char- 
acteristics has not been considered necessary in this 
investigation. In flotation experiments with the unit 
cell, the coal is fed at almost as high a rate as the 
rate at which it would be fed to a 4-cell bank when 
complete recovery of coal is desired, and the weight 
of coal recovered in the float product by the unit 
cell is used as the criterion of performance. How- 
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ever, to give some idea of the types of coal that have 
been used as flotation feeds, Table VI shows float- 
and-sink tests of three samples representing the 
feeds referred to in Tables II and III and the lower 
section of Table I. 

Discussion of Results: To present in better per- 
spective the effects of using the baffle blocks, Table 
VII summarizes the runs concerned with this vari- 
able. Benefits obtained from the blocks varied over 
a wide range with different flotation feeds. The per- 
centage increase in the float coal due to the blocks 
varied from 15.8 to 51.2 pct. Throughout the tests 
there has been a strong indication that the easier 
the coal is to float the greater the benefits from the 
blocks, and vice versa. 

Undoubtedly everyone recognizes that different 
coals and different types of coal vary enormously 
in floatability characteristics. It has been the authors’ 
experience in the Birmingham district that, other 
things being equal, the more impurities a coal con- 
tains, whether bone coal or simply rock, the harder 
it is to float. Float-and-sink data in Table VI indi- 
cate that, on this basis at least, the order of float- 
ability for these three coals would be Kelly, Mary 
Lee, and America. The Pocahontas coal, on which 
no float-and-sink tests were made, contained almost 
no bone or rock, and being also a low-volatile coal 
it appeared to have all the characteristics needed 
to make it extraordinarily easy to float. Table VII 
shows that the benefits from the baffle blocks de- 
creased in this same order, namely, Pocahontas, 
Kelly, Mary Lee, and America. The crushed Mary 
Lee coal in Table I does not fit well in this picture, 
but a crushed flotation feed is often easier to float 
than a feed of the same size screened out of the 
original raw coal, and this might be the reason for 
the observed discrepancy. 

Table VII shows that the baffle blocks reduced 
the power requirements of the flotation cell impeller 
considerably in all tests. Although there has been 
some theorizing from time to time that flotation is 
a power process, these results seem positive evi- 
dence that a great deal depends on the way the 
power is applied. 

The data in Table V on the supercharging tests 
will no doubt surprise those who have been con- 


Fig. 4—Flotation cell, with adjustable front wall open and 
baffle blocks outside. 
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cerned with the flotation process for fine coal clean- 
ing. The theory of supercharging has been that it 
speeds the flotation process and increases capacity 
of the cells. The data in the present tests show, 
however, that supercharging decreased recovery of 
float coal by 16.5 pet on Mary Lee coal and by 6.4 
pet on America coal. 


Table VI. Float-and-Sink Data of Flotation Feeds 

Cumulative 

Weight, Ash,* Weight, Ash,* 
Description Sp Gr Pc Pet Pet Pet 
Float on 1.25 14.8 1.8 14.8 1.8 
Mary Lee bed. 1.25 to 1.30 38.6 5.8 53.4 4.7 
14 mesh to 0 1.30 to 1.38 19.6 13.7 73.0 7.1 
screened out 1.38 to 1.50 9.9 20.9 82.9 8.8 
of ROM 1.50 to 1.70 4.6 37.7 87.5 10.3 
1.70 to 1.90 1.6 48.1 89.1 11.0 
Sink in 1.90 10.9 80.7 100.0 18.5 
Float on 1.26 52.5 aa 52.5 2.1 
Kelly bed. 1.26 to 1.30 32.8 4.5 85.3 3.0 
ROM crushed 1.30 to 1.38 7.4 9.6 92.7 Bib) 
to 14 mesh 1.38 to 1.50 3.0 15.1 95.7 3.9 
1.50 to 1.70 ibs} 25.5 97.2 4.2 
1.70 to 1.90 0.4 47.9 97.6 4.4 
Sink in 1.90 2.4 74.6 100.0 6.1 
Float on 1.30 24.4 5.1 24.4 5.1 
America bed. 1.30 to 1.38 16.9 11.6 41.3 7.8 
14 mesh to 0 1.38 to 1.50 13.2 20.1 54.5 10.7 
screened out 1.50 to 1.70 10.9 34.3 65.4 14.7 
of ROM 1.70 to 1.90 6.0 Died 71.4 17.8 
Sink in 1.90 28.6 81.2 100.0 35.9 


* Moisture-free basis. 


In the tests at different pulp levels results were 
in line with accepted theory, but the magnitude of 
variation was far from what might have been ex- 
pected. They show how fallacious it would be to 
assume a more or less direct relationship between 
cell volume and cell capacity. At the 28-in. pulp 
level the effective volume of the cell was about 1.6 
times as great as at the 17-in. level, but float coal 
recovery was increased only 5.2 pct. 


Summary and Conclusions 

Operating variables and certain factors pertain- 
ing to cell design are being investigated for possible 
effects on coal flotation-cell capacities. A modified 
subaeration-type unit cell, 24x24-in. cross-section, 
volume 12 cu ft, is used in the experimental batch- 
type tests. Some of the significant findings are: 

1) A set of baffle blocks placed in the bottom of 
the cell, concentrically around the impeller diffuser 
hood, has increased recovery of float coal by amounts 
from 15.8 to 51.2 pet on different types of flotation 
feed. In these tests the power requirements of the 
impeller were reduced in amounts varying from 

2) Supercharging in tests on two different feeds 
reduced the recoveries of float coal 16.5 and 6.4 pct, 
respectively. 

3) In two parallel tests at cell depths of 17 and 
28 in., float coal recovery at 28-in. depth was only 
5.2 pet greater than at 17-in. depth. 

The significance and the explanation of these re- 
sults are as yet uncertain. It is surprising that the 
use of baffle blocks around the impeller can bring 
about such large increases in the amount of float 
coal, and it is equally surprising that supercharging 
had the adverse effect of decreasing float recovery. 
These results with baffle blocks and with super- 
charging may indicate that the all-important thing 
about aeration is efficient utilization of the air 
already dissolved and entrapped in the pulp, rather 
than aeration obtained by introduction of air from 
external sources. Baffling might promote a condi- 
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tion in which continuous circulation of the pulp in 
and out of the impeller results in points of fre- 
quently alternating pressure and partial vacuum, a 
condition that would release the dissolved air, allow- 
ing it to transport coal particles to the surface. The 


Table VII. Summary of Data on Beneficial Effects of Baffle Blocks 


Decreased 
Power Require- 
ments, Pct* 


Increased Float- 


Flotation Feed Coal Recovery, Pct 


Mary Lee bed ROM 33.6 1537 
crushed to 14 mesh 

14 mesh to 0 screened out =v f 15.4 
of Mary Lee bed ROM 

Kelly bed ROM 42.0 16.0 
crushed to 14 mesh 

14 mesh to 0 screened out 15.8 12.5 


of America bed ROM 

Washed % in. to 0 
Pocahontas crushed to 
14 mesh 


51.2 17.8 


* Impeller drive only. 


Elmore vacuum-flotation process is ample proof that 
enough air is dissolved and entrapped in the pulp 
for flotation purposes. 

No definite claims are made one way or another 
with regard to commercial applicability of these 
results. Cement blocks would probably not be wear- 
resistant enough to be practical for use in commer- 
cial machines. Blocks could be made of more wear- 
resistant material, however. There are, of course, 
several important differences between conditions 
under which these tests were made and those of 
commercial operation. In commercial operation a 
flotation cell operates on a fairly uniform feed, both 
as to tonnage and quality, whereas in these tests the 
solids in the cell ranged from zero at the beginning 
of the run to a normal load and then back to almost 
zero at the end. Furthermore, the tests were made 
on 14-mesh to 0 feeds, whereas in most commercial 
plants the feed is much finer and usually deslimed. 
In commercial plants the cells are usually much 
larger, too, than the one used in this investigation. 
In spite of such discrepancies, however, it is hoped 
that results of this investigation will indicate meth- 
ods of attack whereby flotation cell capacities in 
commercial plants can be increased. 
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Comments on Evaluation of the Water Problem 


At Eureka, Nev. 


by C. B. E. Douglas 


The following analysis was stimulated by a previous article on evaluation of the water 
problem at Eureka, Nev., which describes a method using formulas especially devised to 
calculate flow potential of extensive aquifers characterized by relatively even porosity 
and permeability throughout. The present discussion submits that the method was un- 
suitable for solving the kind of problem occurring at Eureka, where the amount of water 
available, rather than the flow potential, may have been the vital factor. 


jf an interesting article on evaluation of the water 
problem at Eureka, Nev.,' W. T. Stuart describes 
how a difficult water problem, or one phase of it, 
may be evaluated by means of a small scale test. 
Test data are plotted by a method rendering, under 
certain conditions, a straight-line graph that can 
be projected to show how much the water table will 
be lowered by pumping at any specified rate for a 
given time. A formula is then used to determine the 
size of opening, or extent of workings, necessary to 
provide sufficient inflow to enable pumping to be 
maintained at that rate. 

At first glance this might seem the answer to a 
miner’s prayer, but a word of caution is in order. It 
may not be the whole answer. Moreover, results ob- 
tained by the method described are reliable only for 
conditions approximating those assumed. Even 
where conditions do not meet this requirement, how- 
ever, it may be possible to draw helpful inferences 
from the results, perhaps enough to facilitate an- 
other approach to evaluation of a problem. 

The two formulas Mr. Stuart used, the Theis 
formula and the one developed from it by Cooper 
and Jacob, were given field checks a number of years 
ago in valley alluvials by the Water Supply Div. of 
the U. S. Geological Survey and found to be reliable 
when the aquifer is very large in horizontal extent 
and sufficiently isotropic for the test well and obser- 
vation wells to be in material of the same average 
permeability as the saturated part of the aquifer as 
a whole.* 

Extensive valley alluvials, sands, and gravels can 
be evaluated in this way, and there are even cases 
in which the method could apply to porous lime- 
stones, such as flat beds of very large areal extent 
that have been submerged below the water table 
after extensive weathering. These are sometimes 
prolific sources of water for towns and industries. Jay 
is necessary for them to have been above the water 
table for some geologically long period of time in a 
fairly humid climate before submergence because 
the necessary high porosity and permeability, and 
large reservoir capacity, are the result of weather- 
ing, that is, of solution by the carbonic acid (H.CO:;) 
in rainwater formed by the absorption of CO, from 
the air by raindrops, and this dissolving action must 
cease when all the H.CO, has been consumed by re- 

C. B. E. DOUGLAS, Member AIME, is at Wellesley Hills, Mass. 


Discussion of this article, TP 4155A, may be sent (2 copies) to 
AIME before Feb. 29, 1955. Manuscript, May 4, 1955. 


TRANSACTIONS AIME 


action with the carbonate to form the more soluble 
bicarbonate. Consequently this weathering process 
is largely restricted to a zone that does not extend 
much below the water level, and submergence is 
necessary after the weathering to provide large 
reservoir capacity and good hydraulic continuity. 

On the other hand, water courses tend to form 
along faults and fractures in limestone, and to be- 
come enlarged by solution, well below water level 
when, as often happens, fresh meteoric water is cir- 
culated rapidly through them to considerable depth 
by hydrostatic pressure, as through an inverted 
syphon. Although the reservoir capacity of such 
water courses is relatively small they may extend 
far enough to tap more prolific sources. 

Cavities, and sometimes caves of considerable size, 
are found in limestones where the acid formed by 
the oxidation of sulphides has attacked them. This 
action can take place as deep below water level as 
surface water is carried by syphonic or artesian cir- 
culation, because the oxygen it carries in solution 
will not be consumed until it reacts with some re- 
ducing agent, such as a sulphide. Moreover, the 
formation of acid and solution of limestone in this 
way is not confined to the immediate vicinity of the 
sulphide. Oxidation of pyrite, for example, results 
in formation of acid in several successive stages, 
each taking place as more oxygen becomes avail- 
able, as by the accession of fresh water into the cir- 
culation at some place beyond the sulphides. When 
the acid thus formed attacks the limestone, CO, is 
liberated and the ultimate effect of the complete 
oxidation of one unit of pyrite will be the removal 
of six times its volume of limestone as the sulphate 
and bicarbonate, both of which are relatively sol- 
uble. The reaction may be continued or renewed 
along a water course far from the site of the sul- 
phides, where the small electric potential produced 
by contact with the limestone helped to start the 
reaction. 

Mr. Stuart refers’ to caves in the old mining area 
in the block of Eldorado limestone southwest of the 
Ruby Hill fault at Eureka, Nev., and to the cavities 
encountered in drillholes in the downthrown block 
on the other side of the fault. Although he interprets 
these cavities as evidence that this formation was 
sufficiently isotropic (evenly porous and permeable) 
to give reliable results by the method he describes, 
they may, in fact, be entirely local conditions. There 
is reason to think they were probably formed 
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largely, if not entirely, as a result of the oxidation of 
sulphides, and neither they nor the large water 
courses now known to exist can be considered proof 
that a high degree of general porosity, indicating 
large reservoir capacity, is a characteristic of this 
formation at Eureka. Monographs by Hague and 
Curtis, published by the USGS in the 1880’s, do not 
describe the formation as having been rendered 
porous and cavernous by weathering away from the 
zone where oxidized ore was mined. 

In considering the possible reservoir capacity of 
the Eldorado limestone it is also pertinent to note 
that the part of that formation that has been ob- 
served at Eureka has been folded, faulted, intruded, 
and elevated into and above the younger formations 
that surround it. It has not, therefore, the attitude, 
the continuity, or the areal extent down to moder- 
ate depths below water level to be a prolific aquifer, 
and much the same may be said of the other lime- 
stones in the immediate vicinity of the mine. 

Consequently, the heavy pumping done in 1948* 


* 8000 to 9000 gpm in November and December, 1948—1.7 billion 
gal in five months. 


must be taken as evidence that the water courses 
that had been tapped extend out into other areas 
and other formations where there is larger reservoir 
capacity, with hydraulic continuity from one forma- 
tion to another provided by faults, either serving as 
connecting links or making continuity of a solution 
channel possible by bringing limestones of different 
age into juxtaposition. 

Use of data from an actual test on a property that 
has received a good deal of publicity on account of 
the seriousness of its water problem renders Mr. 
Stuart’s description of the method more interesting 
and easier to understand. It seems to the present 
writer, however, that in order to show how very 
helpful data from a relatively small scale test may 
be under certain conditions, Mr. Stuart has had to 
attribute properties to the formations at Eureka that 
they do not really possess. It may serve to put others 
faced with similar problems on guard if attention 
is drawn to certain features indicating that con- 
ditions are unsuitable for application of this method. 

For example, the writer believes that Mr. Stuart’s 
Figs. 4 and 6 do not show quite the sort of fit with 
the type curve that would indicate the kind of gen- 
eral porosity and hydraulic continuity the theory 
calls for—the irregularities appear too great. Nor do 
the straight-line graphs in his Figs. 5, 7, 9 and 11 
appear to be much better in that respect—too many 
straight lines with different slopes can be drawn 
through different sets of points. 

It is to be presumed that the Fad shaft data and 
graphs (Mr. Stuart’s Figs. 4, 5, 6 and 7) are only 
used to provide a figure that is needed for the ex- 
ample he gives to show how the time and rate for 
unwatering may be calculated, because the lower 
part of the shaft, as he points out, is in impermeable 
shale and nowhere is it in the Eldorado limestone; 
the flow of water into it comes mainly from the water 
courses tapped in the vicinity of the Martin fault on 
the 2250-ft level and does not result from the gen- 
eral infiltration the theory calls for. The size of the 
shaft and the amount of surface exposed on the level 
have nothing to do with rate of inflow. It is known 
that the 1685 station was recovered 26 days after 
pumping was resumed on Feb. 1, 1953, by pumping 
an average of only about 4050 gpm, whereas appli- 
cation of the method described by Mr. Stuart to the 
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test data shows it should have required pumping at. 
the rate of 6000 gpm for 450 days, see his Table III. 
At the same time it should be pointed out that varia- 
tions in the freedom of flow into the Fad shaft have 
very little bearing on the rate of pumping that 
would be necessary to drain the orebody.** 


** There is good evidence that wide variations in the flow into the 
Fad shaft were caused by choking (due to caving) and flushing at 
the point of entry into the 2250 level. 


It was to be expected that pumping would affect 
the water level in diamond drillholes E and F in 
much the same way because they are both about 
1000 ft from the shaft and only about 400 ft apart 
laterally, not far from important faults and in an 
area where some oxidation of sulphides is known 
to have taken place and where drillholes encoun- 
tered cavities. The graphs for these two holes in 
Mr. Stuart’s Figs. 8 and 10 match the type curve 
very well, not only for a segment but for their whole 
length, but before accepting this as proof that the 
aquifer is of the kind it is assumed to be, it is inter- 
esting to note what the straight-line graphs for 
them in his Figs. 9 and 11 indicate in this respect. 
They show that straight lines can be drawn through 
several separate series of points, each with a differ- 
ent slope. Consequently they give several quite dif- 
ferent figures for the amount of drawdown corre- 
sponding to a logarithmic cycle that has to be sub- 
stituted in the formula, instead of only the one that 
gives the same value for T (the transmissibility) as 
was derived from matching the other kind of graphs 
with the type curve (Mr. Stuart’s Figs. 8 and 10). 

Mr. Stuart refers to one change to a steeper slope 
in the straight-line graphs in his Figs. 9 and 11, the 
change occurring about the 20th day of the 30-day 
drawdown test, as evidence that the expanding in- 
verted cone of depression in the water table caused 
by the pumping had reached a barrier which pre- 
vented the flow to the point of withdrawal from that 
direction from increasing as fast with depth as it 
otherwise would have. There was thus a somewhat 
more rapid drawdown than would have occurred in 
the succeeding ten days had there been no change in 
the aquifer to affect it. A much more significant 
feature of these two graphs, however, is the pro- 
nounced progressive steepening of the slope with 
increasing depth, and this with a total drawdown 
in these two holes (E and F) of only about 100 ft. 

Fig. 1 of this paper is another graph made from 
the same data for E hole as were used by Mr. Stuart 
for the graph in his Fig. 9 and plotted in the same 
way. On it three additional straight lines have been 
drawn through three other series of points, including 
those representing the drawdown-iime relation for 
the last ten days of the drawdown test, and the cor- 
responding values for T, the transmissibility, for dif- 
ferent depth ranges, as shown below: 


Trans- Depth of Corresponding 
missibility Drawdown, Ft Value of T, Gpd 
LAl to.5.67 154,000 
Te 5.67 to 19.59 40,900 
Ts* 24.88 to 92.82 23,700 
T4 92.82 to 101.24 17,400 


* The line from which Ts is calculated is intended to be identi 
with the line shown in W. T. Stuart’s Fig. 9. Still another Pr 
Ji intermediate between Ts and T3, might be obtained from the 
slope of a line drawn through the more irregular series of points 
covering the drawdown from 19.56 ft to 46.90 ft. 


The above values for T indicate a remarkable 
series of increases in the rate of drawdown from 
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6.15 


Fig. 1—The graph shown at right is 
constructed from the same data for 
E hole as were used by W. T. Stuart 
in his Fig. 9 (AIME Trans., February 
1955, page 153) and is plotted in the 
same way. Three additional straight 
lines haye been drawn through other 
series of points. See data given on 
opposite page. 


DRAWDOWN, FT 


{40 


T, = 263.5X 3600 
2 23.2 


=40,900°S 


= 263.5 xX 3600 


what would be expected in the case of an isotropic 
aquifer of large extent. They might perhaps be ex- 
plained by assuming that the expanding inverted 
cone of depression had reached one effective barrier 
after another, each naturally in a different direction. 
This, in turn, would mean that the cone of depres- 
sion had successively reached a corresponding num- 
ber of limits restricting the size of the reservoir 
area. But a similar effect could be caused by pro- 
gressive decreases in the permeability or porosity 
with depth below the natural water table, which, 
from what has been said in the foregoing about the 
weathering of limestones, would be a reasonable ex- 
pectation. In fact, anything that prevented the flow 
to the point of withdrawal from increasing as 
rapidly with increasing depth as would be expected 
in the case of a very extensive, homogeneous, iso- 
tropic aquifer would cause slope of graph to become 
steeper and value of T calculated from it to be- 
come smaller. Such changes in slope caused by bar- 
riers should tend to be rather abrupt and those due 
to a general decrease in permeability and porosity 
with depth less so, but in neither case should they 
be numerous. Successive drainage of porous beds 
in fault blocks, however, might produce many sharp 
changes in the steepness of the slope. If the recharge 
into the immediate reservoir area, or any important 
part of the recharge, should not increase with the 
depth of the drawdown, the graph should take the 
form of a curve with increasingly steep slope. If the 
rate of recharge increased normally with depth 
down to a certain point and then an important part 
of it became constant, there should be a relatively 
sharp change in the slope of the graph at that depth, 
with progressive steepening thereafter. 

The magnitude of the favorable changes with 
depth indicated by the present author’s graph and 
the foregoing values of T, with such a small total 
drawdown, stimulates speculation as to how much 
more favorable for the unwatering the conditions 
may be found to be at progressively greater depths. 

The Cooper and Jacob formula, which was used 
to calculate these transmissibilities (for T, to T,), 

263.5Q ts 


x logs 
So Si 


missibility in gpday per ft, Q is the rate of pumping 


in which T is the trans- 
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in gpm and s, and s, the drawdown at times tf, and f,. 
In one logarithmic cycle of time t, = 10 x t, and log 
t./t, is 1. The formula may then be abbreviated to 
T = 263.5 Q/s in which s represents what the draw- 
down would be in one logarithmic cycle of time as 
indicated by the straight-line graph. It was de- 
veloped from the Theis formula to simplify the cal- 
culation of transmissibilities and to facilitate extra- 
polation. It will be noticed that the Cooper and 
Jacob formula includes no factor to take care of the 
time lag for the effects of pumping at a constant 
rate to become manifest at a point of observation 
some distance away from the point of withdrawal, 
nor for the decrease in total amount of the draw- 
down as distance from the point of withdrawal in- 
creases. This time lag must cause the drawdown at 
such a point of observation to start slowly and to 
progress at an increasing rate until a maximum 
rate of drawdown is attained, when the full effect 
of the pumping reaches there, after which the rate 
of drawdown should decline steadily, in inverse 
proportion to the logarithm of the time. 

During the period between the first manifesta- 
tion of any effect of the pumping and attainment of 
the maximum rate of drawdown, the graph plotted 
by the Cooper and Jacob method will not be a 
straight line, but should be a smooth curve, the 
slope increasing with time, and transmissibilities 
calculated from the slope of a straight line tangent 
to any part of it will be too high but will decrease 
as the slope becomes steeper. After the effects of 
the pumping become fully reflected there and the 
rate of drawdown has reached its maximum, the 
shape of the cone of depression in the water table 
caused by the pumping, as it would appear in a 
cross-section, would be expected to remain constant 
between the point of withdrawal and the point of 
observation, and the time-drawdown graph should 
become a straight line, except for the effect of bar- 
riers, changes in permeability, etc. 

It follows that this time lag for the effects of the 
pumping to be fully reflected at a distant point of 
observation will decrease in duration as the perme- 
ability, and therefore the transmissibility, of the 
aquifer increase and vice versa. 

Mr. Stuart has calculated* that with a transmissi- 
bility of 24,000 gpd it should have taken 2.8 days for 
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the shape of the assumed cone caused by the test 
pumping in the Fad shaft te become stabilized at 
hole E, about 1000 ft away, and for transmissibilities 
calculated from the slope of the straight line time- 
drawdown graph by the Cooper and Jacob formula 
to become reliable, that is, for the graph to become a 
straight line. 

This transmissibility figure, 24,000 gpd, would 
indicate quite low permeability in an aquifer as 
thick as the Eldorado limestone. From this figure 
Mr. Stuart calculated’ that for a theoretical winze 
at hole E to provide sufficient water to supplement 
the pumping from the shaft the desired amount (i.e., 
by 10,030 gom maximum) it would have to have a 
radius of 50 ft, i.e., 100 ft in diam. Hence it may be 
inferred that a well 1 ft in diam drilled to that 
depth (over 1200 ft below normal water level) would 
supply only 1 pct of that amount. This may help 
some readers to visualize the sort of permeability 
the above transmissibility figure indicates, and the 
sort of time lag to be expected from it 1) before any 
effect of the pumping would be manifest in E hole 
and 2) before the maximum rate of drawdown 
would be attained there. 

It is interesting to compare the impressions thus 
created with what actually happened. According to 
the tabulated records the first reading taken in E 
hole showed that the water level was already falling 
there only 1 min after the test pumping started in 
the Fad shaft and successive readings indicate that 
the maximum rate of drawdown was attained be- 
tween 10:05 and 10:10 that morning, that is, within 
17 min or 0.012 of a day from the start of the pump- 
ing. During the next 15 min there was some irregu- 
larity in the rate of drawdown indicated but there- 
after, that is, after 32 min or 0.022 of a day from the 
start of the pumping, the rate of drawdown in E 
hole declined continuously, leaving no room for 
doubting that the maximum had been passed. 

The first point in Fig. 1 of the present paper repre- 
sents the drawdown 0.012 of a day (17 min) after 
the pumping started. It is the first of the 11 points 
that determine the slope of the line marked T,; the 
one at 0.022 of a day, which falls right on the line, is 
the fourth. It therefore seems reasonable to assume 
that the changes in the slope of the graph thereafter, 
that is, from T, to T,, are effective indicators of pro- 
portional changes in the transmissibility and not 
the effects of the time lag mentioned, as it would be 
natural for Mr. Stuart to infer from his calculations 
and even from the general shape of the first part of 
the graph. 

That the reaction of the water level in E hole to 
the start of the pumping was almost instantaneous 
is supported by the increasing rate of drawdown 
shown by the second reading, taken 2 min after the 
first, and succeeding ones. This is interpreted as 
indicating an open water course between the drill- 
hole area and the place where flow into the 2250 
level is restricted. Likewise, the comparatively long 
time for the full effect of the pumping to become 
manifest in E hole—between 12 and 17 min (or 
between 27 and 32 min?)—is ascribed to the pe- 
culiar nature of the restriction, which is believed to 
be a choking effect by caved material, some of 
which evidently came down during the four-year 
interval between the flooding in December 1948 and 
the beginning of the drawdown test in December 
1952. 


The amount of water that has to be removed to 
drain a mine usually involves several factors. A 
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certain amount of reservoir water has to be re- 
moved while at the same time taking care of the re- 
charge into the area affected by the drainage. Ulti- 
mately, under continuous pumping, only the re- 
charge will have to be handled to hold the water 
level at a certain depth at the point of withdrawal. 

Three kinds of recharge may be considered, more 
than one of which may occur in any particular case: 
1) that originating within the area affected by the 
drainage, as direct infiltration from the surface 
overlying the area; 2) general permeation into the 
area through its periphery; and 3) flow confined to a 
subterranean channel or channels connecting with 
some more or less distant source. 

Recharge of the first kind can usually be evalu- 
ated, at least to some extent, from the horizontal 
extent of the area affected or to be affected by the 
drainage and the balance between precipitation, on 
the one hand, and evaporation and runoff on the 
other, supplemented if need be by measurements 
and tracers to check what may be absorbed from 
streams flowing across the area. Where the area is 
limited in size recharge from precipitation on it will 
be correspondingly limited. Both that and infiltra- 
tion from stream beds will be independent of the 
depth to which the water level in the mine may be 
lowered. 

Recharge due to general permeation into the area 
around its periphery will increase progressively with 
the depth to which the water level is lowered in the 
water-bearing formation if that formation is very 
extensive and is equally permeable at all depths. 
This is the kind of situation that can be evaluated 
quantitatively by the method described by Mr. 
Stuart, which is based on the coefficients of storage 
(S), or free reservoir capacity, and permeability, 
factors that are usually interrelated to some extent, 
and the answers are all based on the assumption 
that the aquifer is isotropic and that the amount of 
free reservoir water available is infinite, or so large 
that for practical purposes it may be considered so. 

If the free capacity of the local reservoir area is 
not very large and recharge of the third kind is the 
principal one involved, as there is reason to think 
may be the case at Eureka, Nev., the most important 
factors will be the supply available in the place the 
water comes from, the elevation of the highest point 
along the course of the channel, and the flow capac- 
ity of its smallest part. No more water can flow 
through the channel than the fixed head behind the 
highest point will cause to flow over the hump or 
through the part of greatest restriction, and these 
two factors therefore provide limits beyond which 
the rate of flow from that source cannot increase as 
the depth of the: drawdown in the area into which 
the water flows-increases. 

If the recharge into an area is less than the rate 
at which water is being removed from it by pump- 
ing, that area must ultimately become drained to 
the point where only an amount equal to the re- 
charge will have to be handled. In that ease the 
quantity of free reservoir water that has to be re- 
moved and the rate of recharge into the area become 
the most important factors, rather than the mag- 
nitude of the flow which would be determined by 
the permeability of the formation (or the size of 
the water courses) if enough water were available. 

Where flow through channels or water courses 
from a more distant source is an important factor in 
the recharge of a local reservoir area, the free reser- 
voir capacity of that source and its rate of recharge 
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may be of vital importance, thereby presenting a 
problem requiring tests and studies of different 
kinds, with no assurance that a satisfactory solution 
will be found. 

Before these comments are closed, the following 
statement made by Mr. Stuart® seems to call for 
qualification because it would be valid only under 
the idealized conditions he assumed: 

Fig. 13 is a time-drawdown graph for a 
pumping rate of 1000 gpm at the Fad shaft. 
In as much as drawdown is proportional to 
rate of withdrawal, the graph was constructed 


by use of 1/3.6 of the measured drawdown in 
the 30-day test. 


(Note: The rate of pumping is reported to 


have been 3600 gpm and 1000 gpm is to 3600 
gpm as | is to 3.6) 


This assumption, that the drawdown is directly 
proportional to the rate of pumping, is the one on 
which he bases his calculations of the pumping rates 
and times for the unwatering of the Fad shaft and 
orebody. It is not supported by any evidence and it 
should be pointed out that it is not valid if any im- 
portant part of the recharge into that area is con- 
stant, or is subject to some control different in type 
from the coefficient of permeability of an infinitely 
large isotropic aquifer, such as direct recharge from 
the surface or recharge through a long pipelike con- 
duit. It may help to visualize this point if, as an ex- 
treme sort of example, an area it is planned to drain 
be likened to a tank, say one with a horizontal cross- 
section of 100 sq ft, fed by a constant inflow (or re- 
charge) of 750 gpm, or 100 cfm. Normally an 


amount equal to its recharge will overflow and 
pumping at the rate of 750 gpm would stop the 
overflow but would not lower the water in the tank 
noticeably; pumping 10 pct faster, or 825 gpm, 
would lower it at the rate of one tenth of a foot a 
minute but increasing the pumping rate to twice as 
much, or 1650 gpm, would cause a drawdown 
twelve times as great (instead of twice as great), as 
shown below: 


1—Capacity of tank per foot of 


depth 750 gal 750 gal 750 gal 
2—Inflow into tank or recharge 750 gpm 750 gpm 750 gpm 
3—Assumed pumping rates 750 gpm 825 gpm 1650 gpm 
4—Available for drawdown: pump- 

ing rate less recharge 75 gpm 900 gpm 
5—Drawdown per min (line 4 

divided by line 1) 0 0.1 ft 1.2°tt 


Although it may not yet be possible to apply pre- 
cise mathematical methods to the solution of water 
problems complicated by physical irregularities in 
the formations and more than one kind of recharge 
into the area it is desired to drain, such articles as 
Mr. Stuart’s encourage the hope that effective prog- 
ress will be made towards that end. The article is a 
lucid description of how one type of water problem 
may be evaluated. 
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Discussion 


Comments on the Evaluation of the Water Problem at Eureka, Nev. 


by Wilbur T. Stuart 


Mr. Douglas discusses the unwatering problem at 
Eureka from a viewpoint backed by many years of 
experience in mine water problems. He calls attention 
to the differences between the hydrology of the area 
and the assumptions of the well formulas used in the 
present writer’s original paper to determine the size 
of the unwatering problem. It is a matter of opinion 
as to whether these differences are of importance, but 
it is the purpose of this discussion to show that where 
the differences are significant they were considered in 
the writer’s computations. 

New methods and new ideas always require consid- 
erable testing before they are accepted. Although the 
application of the well formulas to a mine shaft may 
be new, the formulas have been used with consider- 
able success to determine the yield and drawdown in 
limestone, dolomite, sandstone, and other fractured 
rock formations. Application at the Fad shaft was but 
a step further under differing conditions, but it was 
made with some knowledge of what to expect. 

The Theis nonequilibrium formula, as used in two 
ways in the original article, assumes a single forma- 
tion, large in areal extent, which is both homogeneous 
and isotropic hydraulically. It assumes further that 
when the formation is pumped the water is instanta- 
neously released from storage and no interformational 
leakage occurs. Similar conditions of uniformity are 
postulated for formations investigated by means of 
electrical-resistivity and seismic surveys. The practi- 
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cability of making an interpretation depends, of course, 
on the degree to which simplifying assumptions are 
judged to be safe. 

The writer’s original paper considers all the water- 
bearing formations at Eureka to be one unit yielding 
water to the Fad shaft and the Eldorado dolomite, 
whereas it is known that each of several layers con- 
tributes water under head and flow conditions differing 
from those under which its neighbor contributes. Also, 
the local variations in permeability are integrated by 
consideration of large distances only. As an illustra- 
tion, it is believed that any two randomly selected 1-ft 
cubes of a formation in place would be likely to have 
greatly different physical properties for transmission 
and storage of water. If, however, the sides of the 
cubes were increased to 1000 ft, the processes by which 
natural permeability is created, such as faulting, brec- 
ciation, folding and jointing, oxidation, and solution, 
should reach a common denominator by which the 
large difference for the small cubes would be reduced 
to a much smaller difference for the large ones. Fur- 
thermore, the averaging-out would be more effective 
as applied to adjacent horizontal cubes than as ap- 
plied to adjacent vertical ones. Thus by choosing ob- 
servation points at large distances in a pumping test, 
many of the local irregularities can be averaged. If the 
observation points are distributed in many formations 
throughout the area, coefficients for the average condi- 
tion will be obtained which may be extended beyond 
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the area of influence of the short test, if the local geol- 
ogy and hydrology justify such an extension. 


In the original paper the fitting of the nonequilib- 
rium type curve in Figs. 4, 6, 8, and 10 and the selec- 
tion of the particular line on the semilog plot in Figs. 
5, 7, 9, and 11 are a matter of determining which 
average condition best fits the test data. Greater em- 
phasis has been placed on the data for the longest time 
periods, even though the short periods occupy a large 
space on the logarithmic plotting. The type curves did 
not fit the data for the early time periods at Eureka, 
because the complex flow systems through the bedrock 
had not adjusted themselves to the common average 
condition that developed later. 


The ideas of Mr. Douglas differ from those of the 
author in determining the proper position of the tan- 
gent line through the data in Figs. 5, 7, 9, 11, and 12. 
Mr. Douglas neglects a criterion for determination of 
this line. Cooper and Jacob’ state that the expression 
for the drawdown in an observation well becomes 
linear for the semilog plotting after wu is less than 
0.02. Rewriting this, t = 1.87 7’s/0.02 T, and solving 
for time in days (T = 24,000, S = 0.0007, r = 1000), it 
is determined that after 2.7 days the drawdown in the 
drillhole area should be linear on the semilog scale. 
Thus a tangent line matching the test data for drill- 
holes E and F for time periods greater than three days 
after the pumping rate was changed satisfies this cri- 
terion. Accordingly, only the values of T, and T, as 
determined from the figure of Mr. Douglas are satis- 
factory. The last tangent, T,, was interpreted in the 
writer’s original paper as being caused by an imperme- 
able boundary. The values of T, and T, given by Mr. 
Douglas are not mathematically justified. 


Mr. Douglas suggests a series of progressively 
steeper tangents on the extension of the drawdown 
curves, possibly on the basis of diminishing rates of 
pumping he has observed in mines being unwatered. 
This diminishing rate conforms to the theory for a 
hydraulic system where the unwatering is continued 
to a given level and held at that point. The decreased 
yield is caused by the flattening of the hydraulic gradi- 
ents that develop with time and should not be con- 
fused with decreased permeability. It may be caused 
in part by unwatering of the saturated materials, 
which decreases the area through which the water 
must pass. Because there is no hydrologic or geologic 
evidence of a decrease in permeability of the forma- 
tions at depth at Eureka, the author has no mathe- 
matical or physical basis to justify anything but the 
straight lines used. The original paper states that as 
unwatering progresses the value for transmissibility 
probably would be reduced, thus causing a steeper 
extension. However, on the other hand, during the un- 
watering the coefficient of storage is expected to in- 
crease, thus flattening the extension. There is no known 
manner of foretelling whether these changes would 
cancel each other, as the time when the transmissi- 
bility will change and the rate at which the storage 
coefficient will increase are unknown. As a hedge to 
account for such changes, the author states that the 
construction of Figs. 13 and 14 is based on the assump- 
tion that the bedrock hydrology would not change ma- 
terially as the cone of pumping extends beyond the 
limits considered in the 30-day test. 


In discussing the transmissibility of the Eldorado 
dolomite and the yield of a winze 50 ft in radius, Mr. 
Douglas infers that a well 1 ft in diam would yield 1 
pct as much as the flow from the winze. Actually the 
yields of wells in a given formation increase only 
slightly with increases in diameter. The yield of a 
winze 100 ft in diam would be only a few times as 
great as that of a well 1 ft in diam. On the other hand, 
experience with wells in rock formations indicates 
that it is not always possible to intersect sufficient 
water-yielding zones with a small bore to transmit the 
expected quantity of water. This is a difference be- 
tween theory and practice, but it is not proof or lack 
of permeability of a rock unit, nor should the low yield 
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of one or two small drillholes be taken to mean that 
an area is impermeable. 

Mr. Douglas discusses three kinds of recharge as 
contributing to the flow of water to a mine. Of these, 
only one type—water entering the area as downward 
infiltration—is considered by students of ground-water 
hydraulics to be recharge. The other two types—gen- 
eral permeation of water through the periphery of the 
area, and flow confined to underground chanuels con- 
nected to distant sources—are essentially water flowing 
radially to the point of withdrawal in accordance with 
the infinite-aquifer theory used in the original paper. 


Mr. Douglas attacks the statement that the draw- 
down is proportional to the rate of pumping, which is 
the basis for construction of Figs. 13 and 14 of the 
original paper. This direct proportionality—as an 
established mathematical relationship—may be ob- 
served in the Theis equation where both factors occur 
as first powers in the numerators on opposite sides of 
the equation. The tank illustration is offered as proof 
of nonproportionality; however, in that case, there is 
confusion between rate of unwatering and drawdown. 
The open tank is not duplicated underground in nature, 
as natural ground-water reservoirs are filled with 
materials that offer more or less resistance to the flow 
of water. In order to overcome this resistance and in- 
duce flow from one point to another, a hydraulic gradi- 
ent is required. The difference in altitude that the dis- 
charge level is lowered below the original standing 
water level is the drawdown that produces the gradient 
inducing the flow. Thus, the greater the drawdown, the 
steeper the gradient, and the larger the induced flow. 
Drawdown is a function of the gradients developed in 
ground-water flow, not a function of the rate of un- 
watering. Darcy’s law states that flow through a porous 
medium varies as the first power of the gradient, and 
innumerable tests on materials ranging from almost 
impermeable to highly permeable have verified the 
statement. This is another manner of stating that draw- 
down is proportional to the rate of pumping. 


Data from the files of the Eureka Corp. Ltd. indicate 
that after the fissure was intersected on the 2250 level 
in 1948 the drawdown was approximately proportional 
to the pumping rate for ranges from 1000 to 9000 gpm 
during periods when the flow from the fissure was un- 
restricted. When the flow from the fissure was not free, 
a considerable range in drawdown occurred. 


The hydraulic conditions of flow from the fissure are 
both unknown and unpredictable. They affect the cal- 
culations of the time required for unwatering by de- 
creasing the time for unwatering the Fad shaft and 
increasing the time for unwatering the Eldorado dolo- 
mite, or vice versa. The 30-day drawdown test was 
made when the flow from the fissure was apparently 
free, and for that reason the results are believed repre- 
sentative of conditions normally expected during the 
complete unwatering of the property. 


Mr. Douglas has expressed a number of opinions that 
differ from those of the writer in regard to evaluation 
of mine-water problems. He calls attention to the com- 
plexity of the geology and hydrology typical of mining 
districts and warns against placing blind faith in cal- 
culations. His warning is certainly justified; more in- 
formation would always be useful in refining such cal- 
culations. So far as Mr. Douglas’ other opinions on 
ground-water hydraulics are concerned, the writer be- 
lieves that he has explained them according to ac- 
cepted methods described in the literature. All the 
discussions emphasize the importance of adequate in- 
formation, and it is hoped that many mining engineers 
having similar water problems will be in a position to 
obtain sufficient reliable data to be able to take ad- 
vantage of the methods described. 
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Fluorochemical Collectors in Flotation 


by Strathmore R. B. Cooke and Eugene L. Talbot 


HE perfiuoro acids and derivatives show unusual 

surface-active properties that qualify them as 
possible flotation reagents. They lower the surface 
tension of water from 15 to 20 dynes below that ob- 
tainable with the corresponding hydrocarbon com- 
pounds.” * Fluorochemicals adsorb very strongly on 
solid surfaces to give films that exhibit larger con- 
tact angles than films of the corresponding hydro- 
carbons.” * The large contact angles probably result 
from the terminal —CF, group. 

The perfluoro acids are made by electrolysis of 
the corresponding carboxylic acid in anhydrous hy- 
drogen fluoride.® From the perfluoro acids many de- 
rivatives may be obtained, such as amides, amines, 
alcohols, xanthates, ethers and esters and others. 

Since the fluorinated analogues of the conven- 
tional hydrocarbon flotation collectors possess en- 
hanced surface properties, a few were selected for 
testing. Because a survey of all possible minerals 
and reagent combinations would be out of the ques- 
tion, hematite was chosen to represent a nonsulphide 
system and pyrite to represent a sulphide system. 

The fluorinated reagents used in these experi- 
ments were prepared in the research laboratories of 
Minnesota Mining & Mfg. Co. Some were synthesized 
especially for this research. They are not available 
commercially. 

Separation of Nonsulphide Ores: The separation 
of oxides from silica has always been a challenge 
to the flotation industry because differences in sur- 
face properties of the minerals are normally insuf- 
ficient to produce clean concentrates. Oleic acid,” 
rosin acids,’ and amine salts* have been used to con- 
siderable extent to effect separation of metal oxides 
and silica. 

The system hematite-silica was chosen to repre- 
sent the nonsulphides both because of its difficulty 
of separation and because large tonnages of easily 
obtainable material are available, such as gravity 
concentration tailings and nonmagnetic taconites on 
the Mesabi Range. 

The wash-ore tailings used here contained ap- 
proximately 35 pct iron after desliming. Samples of 
the material used in this work were part of the 
same lot used by Chang, Cooke, and Huch’® and were 
prepared in an identical manner. 

Reagents for Nonsulphide Ores: Since one of the 
purposes of this investigation was to compare hydro- 
carbons with fluorocarbons, reagents of known be- 
havior such as oleic acid, and the alkali metal salts 
of certain resin acids (Dresinates), were established 
as standards. Hydrocarbons and fluorocarbons of 
comparable chain length and other experimental 
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fluorocarbons were tried as collectors for hematite. 
A list of the materials used and the concentrations 
of their stock solutions are given in Table I. 

Since silica can be selectively floated from hema- 
tite by conventional reagents,* a few fluorocarbon 
reagents were also tried for this purpose. Their com- 
position and concentrations are given in Table II. 

Most of these reagents served the dual function of 
collector and frother. In the case of F-11 flotation 
did not occur but it served as a frother when F-6 
was employed as a collector. 

Reagent grade sulphuric acid and sodium hy- 
droxide were used to regulate the pH. Deionized 
water containing less than 0.1 ppm of salts expressed 
as NaCl was used for all solutions and flotation tests. 

The pneumatic flotation cell consisted of a 350-ml 
fritted glass Buechner funnel with a source of filtered 
air which could be controlled by a needle valve.’ 

A 50-g sample of ore and 250 ml of deionized 
water were added to the flotation cell and stirred 
slowly. The reagents were added and the pulp was 
conditioned before air was admitted to the cell. Ap- 
proximately 15 ml of the pulp were removed for pH 


Table I. Flotation Collectors for Hematite 


Reagent 

Composition Concentration 

Sodium oleate 5 pet 

Sodium oleate + fuel oil 5 pet + 5 pet No. 4 fuel oil 
Dresinate 

Dresinate + fuel oil 5 pet + 5 pet No. 4 fuel oil 
CoHipCOONa 1.25 mg per ml 

CoF ip COONa 0.625 mg per ml 

CoFi9 COOH 1.25 mg per ml 

CeFi9COOH in alcohol 25 mg per ml 

CuF2sCOONa 0.125 mg per ml 

CF3CF» <F>- —SO3H* 1 pet 

n-CsFi1;SO3H 1 pet 


is used to symbolize a completely fluorinated 


* The symbol <F> 


eyclic ring. The complete symbolic formula for this compound 
would be 


FR OF 
CECE ‘C-S0,H 


determination before flotation was started and were 
then returned to the system. The pH was again 
measured after flotation. Air was admitted to the 
cell until no further flotation occurred or until the 
character of the float changed markedly. Both the 
float and the nonfloat products were filtered, dried, 
weighed, and assayed for iron. 

The cell was washed in hot water and rinsed with 
deionized water after each test. Occasionally the 
cell was cleaned with concentrated hydrochloric acid 
to remove iron oxide particles from the glass frit. 

Experimental Results: Above a pH of 8, sodium 
oleate was an effective collector for hematite. The 
emulsification of equal parts of heavy fuel oil (20° 
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Fig. 1—Flotation of hematite from silica using oleate as 
the collector for hematite. 
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Fig. 2—Effect of pH on flotation of hematite from silica, 
using 1 Ib per ton CoFisCOOH as the collector for hematite. 
Experiment No. 2 indicates successive additions of water 
solutions. Experiment No. 3 indicates smaller additions of 
water solutions. 


Table II. Data on Fluorocarbon Reagents 
Reagent 
Symbol Composition Concentration 
CoFioCOONa (at high lime in pulp) 0.625 mg per ml 
CuF2,COONa (at high lime in pulp) 0.125 mg per ml 
F-1110 4.6 pet 
C=C 
H H 
C,F,;CONHC3H,N* CHCI~ 0.1 pet 
S 
C=C 
F-710 (CoHs) »CHsI- 2.6 pet 


Bé) with the 5 pct sodium oleate enhanced its ability 
to float hematite. 

The results given in Fig. 1 establish the good 
performance of the flotation cell and also furnish a 
standard of comparison for other reagents. 

Dresinate was used successfully by DeVaney“ to 
collect hematite. When emulsified with an equal 
weight of 20° Bé fuel oil, it produced a good grade 
of concentrate but with lower recovery than re- 
ported by DeVaney. Table III compares the conven- 
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tional collectors and gives the best results obtained 
in the pneumatic cell. One cleaner operation with 
no addition of reagents was used in the case of the 
sodium oleate systems. The final recovery and 
grades of the cleaner concentrates are given in 
table III. Concentrates produced by Dresinate were 
not cleaned. 

Table IV, which should be compared with Table 
ill, shows the results obtained by using several dif- 
ierent fluorochemicals and one hydrocarbon reagent. 
No frothers were used in these tests. 

At high pH both the hydrocarbon and the fluoro- 
carbon carboxylic acids gave stiff rubbery froths 
with no selectivity. At low pH the fluorocarbons 
gave poor froths which were well mineralized. No 
fiotation was observed for the hydrocarbons. The 
perfluoro carboxylic acids gave fleeting mineraliza- 
tion, that is, when the froth was scraped or stirred, 
the mineral would drop into the pulp and would not 
float again until additional reagent was added. The 
values reported in Table IV for C,F,,;COOH in water 
were the result of adding the reagent in increments 
of 0.1 lb per ton and quickly recovering the mineral 
before it could roll back into the pulp. A suitable 
frothing agent would probably have prevented this 
fleeting mineralization. 

The values reported for Fig. 2 were obtained by 
removing as much of the mineralized froth as pos- 
sible before the mineral dropped back into the pulp. 
Although the results are not as good as those ob- 
tained by incremental additions, they show that 
perfluoro carboxylic acid operates as a selective col- 
lector for hematite only below a pH of 4. 

Effectiveness of fluorochemicals at a lower pH was 
anticipated on the basis of M. A. Cook’s theory.” 
Prior observations of the effect of pH on the surface 
tension of solutions of the perfluoro carboxylic acids” 
showed that conversion to the acid form begins at 
pH 4.0 and adsorption at the air-liquid interface 
reaches a maximum at pH 1.0, see Fig. 3. 

Since the perfluoro carboxylic acids are sparingly 
soluble in water the volume of reagent solution be- 
comes impractical. Alcoholic solutions were tried 
because the acids are readily soluble in that me- 
dium. Frothing characteristics of the alcoholic solu- 
tions were inferior to those of the water solutions 
and this inferiority is reflected in the grades and 
recoveries. At low pH C,F.,;COOH did not froth 
because of its low solubility. At the natural pH of 
the ore (5.7) a sparsely mineralized soap froth was 
obtained. No other tests were made on this reagent. 
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Fig. 3—Effect of pH on the surface tension of perfluoro acids 
and salts. 
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Table II]. Conventional Collectors for Hematite 


Reagent Lb per Ton pH Recovery Grade 

Sodium oleate st >8 91.6 

Sodium oleate sla 

+ fuel oil 1 96.0 60.0 

Dresinate 1 9.2 no flotation é 

Dresinate 

+ fuel oil 1 8.2 39.7 62.1 
Table IV. Experimental Collectors for Hematite 

Reagent Lb per Ton pH Recovery Grade 

CoHipCOONa it 4.1 19.0 56.4 

CoFi9COOH in alcohol } 2.0 58.1 55.3 

CoFi9COONAa in water 1 3.0 88.0 62.1 

CuF23;COOH in alcohol 1 30.7 55.5 

and water 
n-CsF);SO3H 0.4 2.6 54.8 58.6 
CF3CF2 <P> SO;H 0.4 3.6 52.8 55.3 


Although the fluorinated sulphonics did not give 
exceptional results in the few tests made, it should 
be noted that collection occurred at lower concen- 
trations than with the fluorinated carboxylics. It is 
possible that depressants used in conjunction with 
the sulphonics could produce much better results at 
low reagent consumption. 
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Fig. 4—Separation of hematite from silica using F-6 as the 
collector for silica. 


In an endeavor to float activated silica the use of 
fluorinated carboxylics at a high lime concentration 
in the pulp, Table II, gave partial separations, but 
neither grade of concentrate nor recovery was con- 
sidered satisfactory. 

Outstanding separations were obtained by the use 
of fluorinated quaternary derivatives as collectors 
for silica. The shorter chained of the two used in 
these tests (F-11) was not a collector but was a 
frother compatible with F-6 when this compound 
was used as the collector. This would be expected 
according to Leja and Schulman.” Figs. 4 and 5 
show the effects of reagent addition and pH on the 
flotation results. At a pH greater than 5 the optimum 
addition would be from 0.8 to 1.0 lb per ton. To 
reduce cell corrosion flotation would probably be 
conducted at a pH above 7. 

The excellent collecting ability of F-6 was shown 
by the results of two tests. When 2 lb per ton of 
F-6 was used on the wash ore tailing, the grade of 
concentrate produced was 69.1 pct, which is within 
1 pct of theoretical for Fe.O,, see Fig. 4. In a sepa- 
rate test, —100 mesh Montana quartz that had been 
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Fig. 5—Effect of pH on the separation of hematite from 
silica using F-6 as the collector for silica (1 Ib per ton of 
F-6); pH regulated with H.SO. or NaOH. 


purified by thorough acid washing was completely 
floated, with 1 lb per ton of F-6 as the collector. 

On a 27 pct iron feed which had not been de- 
slimed or acid-scrubbed (normally a requirement 
for the flotation of iron ores) reagent F-6 showed 
unusual ability in producing a 52 pct iron concen- 
trate at 74 pct recovery, even though this feed was 
more difficult to separate than the wash-ore tailings 
used in the preceding work. Retention of the slime 
fraction in the flotation feed would mean an increase 
of from 15 to 20 pct in the total iron recovery. More 
detailed studies are required using reagents of this 
type on whole ores. 

In a single test a reagent, F-7, related to F-6 was 
also used. At 0.2 lb per ton, this reagent upgraded 
the ore—assaying 20 pct iron—to 56 pct iron at a 
recovery of 89 pct. The appearance of the froth in- 
dicated that less reagent could have been success- 
fully used. 

Separation of Sulphide Ores: Pyrite and quartz 
were chosen to represent the sulphide systems be- 
cause they were readily available as high grade 
specimens. High grade pyrite and pure Montana 
quartz were crushed together in a roll mill to —20 
mesh to form a master batch and wet-ground to 
—100 mesh in 5-min stages in a pebble mill. The 
ground ore was filtered, washed with deionized 
water, and put directly into a 250-g laboratory Min- 
eral Separation cell with 750 ml of deionized water. 

All adjustments of pH and any other modifying 
conditions were imposed upon the pulp before the 
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Fig. 6—Flotation of pyrite from silica (0.02 Ib per ton of 
KEX); pH regulated with H2SO, or NaOH. 
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Fig. 7—Effect of pH on the flotation of pyrite from silica 
(0.02 Ib per ton of KFEX); freshly prepared solutions. 


collector was added to the cell. The collector was 
weighed in the dry state and dissolved immediately 
before being added to the pulp. After a.2-min con- 
ditioning time the frother was added, air was ad- 
mitted to the cell, and flotation was completed to a 
barren froth. The solids were dried, weighed, and 
analyzed for iron. 

Reagents for Sulphide Systems: The hydrocarbon 
potassium ethyl xanthate was made in the conven- 
tional manner.” The fluorinated ethyl xanthates 
(KFEX) and butyl xanthate (KFBX) were made in 
ether solution from the respective 1,1-dihydroper- 
fluoro alcohols. All xanthates were kept at 0°C 
until used. 

Fresh solutions of the fluorinated xanthates gave 
typical xanthate reactions whereas aged solutions 
showed the presence of decomposition products. 
Acid solutions of the perfluoroxanthates gave no 
precipitate with copper sulphate. Table V gives the 
analysis of the fluorinated xanthates. 

The infrared absorption curves of the fluorinated 
xanthates did not indicate whether hydrocarbon 
xanthate was also present. Aqueous solutions of the 
fluorinated xanthates were basic, indicating an ex- 
cess of KOH in the salts. This was confirmed by the 
infrared absorption curves. 

Reagent grade sodium hydroxide and sulphuric 
acid were used to regulate the pH of the flotation 
pulps. Pine oil served as the frother for both hydro- 
earbon and fluorocarbon tests. 

Pyrite was readily collected with potassium ethyl 
xanthate (KEX) additions of only 0.02 lb per ton at 
any pH from 3 to 11. Increasing the additions to 
0.04 lb per ton increased neither the grade nor the 
recovery. Fig. 6 establishes the standard for the lab- 
oratory cell used in these tests. 


Table V. Composition of Fluorinated Xanthates 


Sulphur Potassium Fluorine Carbon 


Item Cale. Fnd. Cale. Fnd. Cale. Fnd. Cale. Fnd. 


KFEX 29.9 24.5 18.2 20.3 26.6 23 16.8 14.7 
KFBX 20.4 19.6 12.4 13.3 42.4 40 19.1 18.4 


The fluorinated ethyl xanthate (KFEX) per- 
formed satisfactorily below a pH of 5 when the 
KFEX solution was freshly prepared, see Fig. 7. 
Aged solutions gave unsatisfactory results. At the 
natural pH for the pulp, 6.7, a fresh solution of 
KFEX resulted in a concentrate grade of 40 pct Fe 
with a recovery of 80 pct. Under the same condi- 
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tions, a solution of KFEX % hr old gave an 18 pct 
grade at 22 pct recovery. Solutions older than this 
gave similar results. 

Fluorinated butyl xanthate, KFBX, gave good re- 
sults below a pH of 3 but was not as effective as 
KFEX. Since KFBX was less stable than KFEX, 
fresh solutions were always used. 

It was generally observed with all the fluorinated 
xanthates that the froth was very slow to develop 
but was adequate once it had developed. The well- 
known incompatibility between fluorocarbon and 
hydrocarbon compounds could account for the poor 
frothing. 

Contact Angle Measurements: Contact angle tests 
using fluorocarbon reagents were made on a num- 
ber of polished mineral surfaces. In all cases the 
hysteresis was so great that reliable results could 
not be obtained. The trend of the results was toward 
development of larger values of the angle of con- 
tact in acid solutions. 


Conclusion 

1) The C, and Cy perfluorocarboxylic acids are 
more effective collectors for hematite than their 
hydrocarbon analogues. Since the perfluoro oleic 
acid has not been prepared no direct comparison 
could be made for the oleates. 

2) Since the perfluorocarboxylic acids are much 
stronger acids than the corresponding hydrocarbon 
acids, they must be used in more acid circuits than 
the ordinary fatty acids. 

3) Perfluoro sulphonic acids are collectors of 
hematite at low reagent concentration. 

4) The fluorinated quaternary compound 


inl. 1! 
C,FsCONHC;H,N Cl 
lah dal 


is a selective collector for quartz and gave excellent 
separation of quartz from hematite at pH of 5 or 
above, even on an iron ore which had not been de- 
sliimed. A related compound, C,F,,CONHC.H,N* 
(C.H;),CH,I, is also a collector for quartz. 

5) The fluorinated xanthates CF,CH,OCSSK and 
CF,CF.CH.OCSSK are selective collectors for pyrite 
only at low pH. They are less stable in aqueous solu- 
tions than the corresponding hydrocarbon xanthates. 
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